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CHAPTER 1
PART 1
1.1 Introduction
RY Sagittarii, with a visual magnitude at maximum 
light of 6.0, is one of the brightest R Coronae Borealis 
stars, and certainly the brightest in the southern sky. 
Classified as GOp in the Henry Draper catalogue, it has 
several conspicuous properties which deviate from the 
so-called normal ones of stars of the same approximate 
spectral type. These are:
(a) The Light Variability. We show in Figure 1.1 the 
light curve of R Cor Bor, the prototype, whose light 
variations simulate those of RY Sag in a general way. The 
characteristics are long periods at maximum light, sudden 
drops by varying amounts, and slow recurrences over periods 
of the order of months.
(b) Weakness of Hydrogen Lines. On low dispersion 
spectrograms the Balmer series of hydrogen is practically 
invisible, and on high dispersion spectra can be seen to be 
extremely weak. Plate 2.1 demonstrates the magnitude of this
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effect. Moreover, there is no visible sign of the G-band of 
CH in these spectra.
(c) Strength of Spectral Features Due to Carbon. On low 
dispersion spectrograms molecular bands from the Swan system 
of are clearly visible. With higher dispersion the 
identification of high excitation lines of neutral carbon 
becomes certain. Both of these phenomena are demonstrated in 
Plate 2.1.
It will be seen in the following sections that the R Cor 
Bor stars as a group constitute an as yet inexplicable 
mystery in the theory of stellar evolution and nucleogenesis. 
In particular, to the writer1s knowledge, virtually no work 
other than observation of light variation has been done on RY 
Sag. With the 32-inch focal length camera of the coude 
spectrograph of the 7*+-inch reflector becoming available, 
spectral plates with a dispersion of 6.7 A/mm in the blue and 
violet regions have become possible. Therefore sufficient 
spectroscopic detail should be obtained to enable us to 
derive the following information concerning RY Sag:
(a) the atmospheric parameters pertaining to conditions 
in RY Sag.
(b) abundances of various elements in the atmosphere of 
this star with an accuracy comparable to that obtained for 
any other star. It appears to the writer that more and more
3emphasis is being put on the interpretation of abundances in 
stars; furthermore, many of the finer points of nucleogenesis 
are having justification from observational material on 
’’peculiar” stars such as RY Sag, An ultimate aim must be to 
fit all observations into a unified theory.
(c) whether the abundance results are in fact explicable 
in terms of existing theories.
We shall now survey what is known up to the present 
time about R Cor Bor stars, in order to fit our work into the 
more detailed content of previous investigations.
1 *2 Variability in Light
The history of R Cor Bor extends back to the 
observations of Pigott , the English astronomer at the end of 
the eighteenth century, when he noted that R Cor Bor was 
variable in light output. More intensive observations of the 
prototype as well as others of the class were commenced at 
the end of the nineteenth century and have continued up to 
the present time. The variability of RY Sag was discovered 
by Markwick in 1889. Innes-3 measured colours for RY Sag and 
found it to be redder at minimum light than at maximum. 
Several reports in the Harvard Annals** first suggested that 
the light variations of RY Sag and R Cor Bor were similar. 
About the same time Ludendorff^ published an almost complete
light curve of R Cor Bor for the period 1783-190?, in which
are included many great variations in brightness.
£Campbell and Shapley have suggested, from consideration
of the light curve of R Cor Bor, that the remarkable
steadiness at maximum light indicated occultation by a star
or nebula. Later observations however have shown that most
R Cor Bor stars experience short term variations in light
even at maximum. The last named authors found that the
spectral variations were better interpreted as being caused
intrinsically in the atmosphere of the star.
7Luyten' discovered a variable whose light curve resembled
that of an R Cor Bor star, in the region of the Large
Magellanic Cloud. Subsequent measurements of its radial
8 Qvelocity by Feast , and by Feast et al' confirm its 
membership of the Large Magellanic Cloud. This star, W 
Mensae, has an apparent magnitude of 13-8 at maximum light, 
so that if we assume a distance modulus of 19.0 for the Large 
Magellanic Cloud, this gives W Mensae an absolute magnitude 
of -5.2. This, as Feast points out, confirms the supergiant 
characteristics of R Cor Bor stars, and it is the only R Cor 
Bor star for which the intrinsic magnitude is well 
established.
From a study of the light curve of S Aps between 1890
10and 1929 Payne has found a periodicity in the occurrence of
5
minima of this star of about 1000 days. Campbell* s^  ^  1 ^ 9 ^
studies of the six R Cor Bor stars, R Cor Bor, SU Tau, RY Sag, 
S Aps, R Set and T Ori, showed varying degrees of 
steadiness at maximum light and a marked periodicity only for 
the last named star.
•4 [ f  4 ZPayne-Gaposchkin , and Payne-Gaposchkin and Gaposchkin 
have attempted to narrow the definition of the R Cor Bor 
stars to eliminate marginal members of this class. The 
criteria are:
(a) fairly uniform brightness at maximum which may 
persist for months or years, this being the normal 
brightness of the variable.
(b) decrease in brightness over three magnitudes 
usually occurring suddenly and occupying a period of a few 
days.
(c) recovery of brightness, in general, slower than the 
fall (occupying months or even years), often irregular.
The above authors remarked that when stars conform to 
these definitions, a comparison shows that they are similar 
in other properties. Hence it did not seem necessary to 
introduce spectroscopic classification criteria. The same 
authors have classified R Cor Bor stars under the more 
general definition of cataclysmic variables. Applying the 
above definitions, they reduced a list of suspected R Cor Bor
6stars from 45 to a maximum of 17. It is worthwhile noting
the significant results that came from this reclassification.
The mean galactic latitude was found to be 14°, or 9° if the
two brightest stars, R Cor Bor and RY Sag, were excluded. It
eliminated such stars as T Tauri whose presence led 
1 7Ludendorff 1 to suggest a connexion between R Cor Bor stars 
and galactic nebulae.
That the sole criterion used above may not be an
1 ftefficient one, has been demonstrated by Bidelman , who
identified an R Cor Bor star spectroscopically. Consequent
19examination of direct plates by Chang Yuin revealed that
the star had dropped from maximum light only once in fifty
years. This demonstrates the usefulness of spectroscopic
criteria best based on those peculiarities mentioned in
Section 1.1.
20Sterne has analysed the light curve data for R Cor 
Bor statistically, and concluded that the variations were 
completely irregular or random, i.e. there is no trace of 
periodicity nor could one predict the variations in the star. 
The fact that stars show some periodicity and others none, is 
a puzzling feature of the group as a whole.
1.3 Spectra at Maximum Light
Spectroscopic observations of R Cor Bor have revealed 
some unusual features and variations. One of the first
721classifications by the Harvard workers made it an M star.
22Espin observed it visually with a spectroscope, noting the
appearance of strong bands, probably the Swan bands of
carbon, without noting an appreciable change in luminosity.
In its lower temperature condition he classified it as Secchi
Class IV. These results are in contrast with that of Frost^,
who measured the radial velocity at different magnitudes and
found it constant. He reported the spectrum similar to that
of orPersei, but probably did not pay attention to the
weakness of the hydrogen lines.
A surprising feature from the observations of the 
kHarvard workers was that at some phases RY Sag was observed 
to have hydrogen lines of normal strength which sometimes 
appeared doubled. It may be possible that other strong 
absorption lines in the spectrum, e.g. lines of ionised 
metals, were mistaken for hydrogen lines since it was reported 
that no trace of the G-band was visible at any stage.
Reference to our spectroscopic material on RY Sag shows that 
there are in fact, many strong absorption features caused by 
ionised metals, near all hydrogen lines. The suggestion of 
faint emission lines in the spectra of R Cor Bor and RY Sag 
at maximum light, by the Henry Draper catalogue, probably 
results from continuum windows caused by the extreme line 
blanketing.
8Ludendor f f1 l i n e  id e n t i f i c a t io n s  and r a d i a l  v e lo c i ty
?4 2^d e te rm in a tio n s  were l a t e r  improved upon by Berman ’ . This
au th o r showed th a t  f lu c tu a t io n s  in  r a d ia l  v e lo c i ty  a t  
maximum l ig h t  were p robab ly  r e a l .
The f i r s t  d e ta i le d  a n a ly s is  of R Cor Bor w ith  h igh
2^d is p e rs io n  was done by Berman y who id e n t i f i e d  and measured 
approx im ately  650 l in e s  in  th e  reg io n  4300-4890 A. T his more 
a c c u ra te  work d e f in i t e ly  e s ta b lis h e d  th e  p resence  o f the  Swan 
bands of C2« The com position  of th e  atm osphere was found to  
be 69 per cen t carbon , 27 per cen t hydrogen, le s s  than  0 .3  
per cen t n i tro g e n , and th e  r e s t  m e ta ls . No account could be 
taken  of s p e c tro s c o p ic a l ly  in v i s ib le  elem ents such as 
helium , a lth o u g h  i t  w i l l  be seen l a t e r  th a t  th e se  p lay  an 
im portan t r o le .  Berman could n o t o b ta in  a re a so n ab le  v a lu e  
fo r  th e  m agnitude of th e  continuous o p a c ity , by 
c a lc u la t in g  th e  e f f e c t  of p h o to io n iz a tio n  of th e  c o n s t i tu e n t  
e lem en ts , u sing  th e  hydrogenic approxim ation . He o b ta in ed  
th e  fo llo w in g  param eters fo r  th e  atm osphere of R Cor Bor: 
S p e c tra l  c la s s  cF7p; e f f e c t iv e  tem pera tu re  5300°K; 
co lour tem p era tu re  6700°K ()\3500-4500), 7700°K (\ 4500-6500) 
(p o ss ib ly  an anomalous o p ac ity  e f f e c t  compared to  norm al 
s t a r s ) ;  e le c t ro n  p re s su re  8.3 x 10"' a tm ospheres; 
m ic ro tu rb u len t v e lo c i ty  10 km /sec.
9Bidelman4-^ >27j28 kas ü sted all of the known R Cor Bor
stars, dividing the hydrogen deficient carbon stars into two
groups - those like R Cor Bor which vary, and those like
HD 182040, classified as R stars and apparently stable.
There were identifications of high excitation lines of
neutral oxygen and nitrogen as well as neutral carbon, in the
visual and infra-red regions. Features caused by C2 and CN
were also detected. All these identifications did not
necessarily imply an overabundance of the particular element.
1 9The above author has remarked on the absence of the C ^
29 25isotope, a fact also noted by Shajn ' and Berman for R Cor
Bor. This is in contrast with the results of McKellar^0 ’^
^2and Climenhaga^ who found that normal R type stars have a 
much higher abundance of C , such that C J/C was of the 
order of 1/4 compared with the terrestrial value of 1/90.
Bidelman has also stressed the resemblance between the 
spectrum of R Cor Bor at maximum light and slow novae. Slow 
novae have shown strong 0 I, N I and C I lines and weak 
hydrogen lines and, further, DQ Herculis has shown strong CN 
bands and weak bands. The warning was that if R Cor Bor 
stars have an atmospheric structure similar to slow novae, 
abundance determinations should be viewed with caution. 
Against this idea one could point out the complete difference 
between light curves for the two objects and the fact that
10
R Cor Bor stars have consistently shown no sign of normal 
hydrogen abundance.
The recent work of Searle^’^  on high dispersion 
spectra of R Cor Bor probably gives the best information 
available on the state of the atmosphere of this star. From 
a differential curve of growth analysis, with^CMa as 
standard star, it was found that the carbon-to-iron ratio is 
about 25 times greater in R Cor Bor, the carbon-to-hydrogen 
ratio by number is about 10, and the rare earth-to-iron ratio 
is the same in both stars. From the CN molecule it was found 
that nitrogen may be slightly overabundant, although this 
result had to be of lower weight. Searle concluded that if 
the iron abundance in R Cor Bor was normal, i.e. solar, the 
major part of the mass of the star is made up of 
spectroscopically unobserved elements such as helium, 
oxygen and neon. A subsequent investigation of the infra-red 
spectrum of R Cor Bor by Searle^ showed that the oxygen and 
nitrogen abundances are normal.
Thus these conclusions for an overabundance of helium 
justify the statement of Burbidge and Burbidge^ that R Cor 
Bor has a high helium abundance but seem to contradict their 
prediction of a nitrogen abundance different to that in 
normal carbon stars.
11
1 • *+ The Source of Continuous Opacity
A point of interest regarding R Cor Bor stars, and
hydrogen deficient stars in general, is the source of
continuous opacity, the problem which presented itself to
07Berman. Buscombe^' has compared measurements of lines in 
the spectra of HD l820*+0 and HD 15607*+, the former being 
hydrogen deficient and the latter being a more normal carbon 
star. The result was that in HD l820*+0 the lines are much 
stronger, a good indication of a much lower continuous 
opacity.
In a quantitive investigation of the significance of 
negative ions of atoms and molecules in stellar atmospheres, 
Branscomb and Pagel^ have concluded that the negative carbon 
ion C~ may be of importance as an opacity source in R Cor Bor, 
and that an investigation of the continuous spectrum in the 
far infra-red in the region of the ionization jump, may 
reveal its presence. It did not seem likely that the 
molecular negative ions CN~ and would be significant in 
these stars.
However, one other interesting result from the work of 
OkSearle^ was as follows. If one assumed a reasonable value 
for the iron abundance, one could conclude that the negative 
carbon ion could not be the dominant source of opacity; but 
the photoionization of neutral carbon could supply the
12
necessary opacity, since the ionization temperature of R Cor 
Bor was calculated to be 65*+0°K. Searle concluded that, 
although photoionization of neutral carbon is effective for 
R Cor Bor, it will probably not be so for any other stars
i
in this group since they are cooler. In this respect the 
suggested investigation of the continuum by Branscomb and 
Pagel, of such stars as HD 1820^-0, would be still well worth 
while.
1.5 The Spectrum at Minimum Light
Joy and Humason^ have taken spectra as R Cor Bor 
progresses from maximum light (magnitude 6.0) to a minimum 
magnitude of 12.3* They concluded that at maximum the 
spectrum resembles that of a cepheid, and that the radial 
velocity was almost constant. The lines of ionised calcium, 
titanium, strontium and scandium reversed and became bright 
between magnitudes 10.2 and 11.3. Although the absorption 
lines became wider and less distinct there was no apparent 
change in spectral type. The bright lines were displaced 
20 km/sec to the violet of the respective absorption lines - 
some indication of an expanding shell of gas surrounding the 
star.
koHerbig observed spectroscopically the fading of R Cor 
Bor to minimum light in 191+8-1+9 and his observations are 
worth noting. The usual metal lines appeared in emission 
below magnitude 10.0, and in addition there appeared a broad
13
emission band with a mean wavelength 3882.2 A. Although this 
was suggestive of cyanogen in emission, other vibration bands 
did not appear to be present. There was also a strong bright 
line at 3888 A which could not be explained by anything other 
than helium. Against this interpretation was the fact that 
no other helium lines could be identified and the 
temperature of the line-forming region seemed to be too low 
when the level of excitation of other bright lines was 
considered. Other emission lines of interest were the 
3726-3729 A forbidden doublet of singly ionized oxygen.
Herbig noted a curious veiling of the absorption spectrum. 
(Struve suggested this might be caused by scattering from 
a cloud of particles of high velocity.)
The suggestion was made by Herbig that the emission 
lines may be permanently present, but show only when the 
continuous spectrum is suppressed. The radial velocities 
were not well enough determined to assess whether the change 
in brightness was mainly due to a change in radius of the star, 
a fact which cannot be completely overlooked. Calculation 
reduced the possibility that continuous emission from an 
obscuring shell at reduced temperature could cause the 
veiling or filling-in of the absorption lines. Notwithstanding 
the emission line spectrum seemed to indicate a lower 
temperature than the chromosphere and hence it could occur in 
the region of an obscuring cloud.
koMore recently Herbig has reported remarkable line 
doubling in the absorption spectrum, found by Greenstein at 
certain phases of both R Cor Bor and RY Sag, An 
investigation of R Cor Bor at minimum light by 
Payne-Gaposchkin and Greenstein , showed that at no stage 
did hydrogen appear in emission, and that the H and K lines 
and He I line at 3888 A were conspicuous in emission. The 
C I absorption lines varied during the drop to minimum. 
Payne-Gaposchkin is studying the time decay and detailed 
velocity changes during these phases.
1*6 The Cause of Light Variation
)i)iBerman first attempted to explain the light
variations by suggesting that an increase in temperature of
two thousand degrees would result in a much increased
photoionization of C I. This resultant increase in
continuous opacity might be sufficient to decrease the light
output. Quantitatively this appears unlikely and even more
so when we realise that the carbon abundance of R Cor Bor is
not nearly so high as originally found by Berman, 
kcr k£Loreta J postulated and 0*Keefe worked out in detail 
an idea that the cause of variation of R Cor Bor was the 
production of an obscuring cloud by the star. O’Keefe used 
the available vapour pressure data for solid and gaseous 
carbon to calculate conditions under which a cloud of gas,
1?
predominantly carbon, would condense and form an obscuring 
cloud of solid particles of carbon. The result seemed 
physically reasonable for 8 magnitudes of absorption, if the 
cloud of carbon particles condensed at 7*6 radii distant from 
the star. The speed of condensation depended on the carbon 
particle size and a reasonable value of 1^diameter gave a 
condensation time of 40 days. Other aspects of the observed 
behaviour of R Cor Bor fit in with this theory. For 
example, the emission lines at minimum could be caused by 
excitation of the elements carried in the ejected gas cloud. 
The absorption spectrum does not appear to change at minimum. 
A deep minimum could occur when the cloud is ejected into the 
line of sight, and other variations depend on the degree of 
blocking of the stellar radiation. Even small amplitude 
variations at maximum could be caused by reflection from 
particle clouds not in the line of sight. The reason for its 
occurrence in carbon rich stars would be that carbon has an 
extremely low vapour pressure. The star returns to normal 
light when the radiation pressure drives away the graphite 
particles.
Support for this type of mechanism came from the work of
47Wildt , who showed that condensation of molecules of low
vapour pressure was possible in cool stars. This is also the
48basis of Merrill*s veiling theory of long period
16
variables, in which other compounds, not necessarily carbon, 
can condense to obscure the continuous emission*
IlIMore recently Struve has announced that O’Keefe1s work
has been revised on the basis of new physico-chemical data
kqbecoming available. Miss Pillans y has found the calculated 
results to be different but the conclusions essentially 
unchanged, i.e. soot can condense and cause obscuration 
around R Cor Bor. It would be interesting to see whether the 
revised abundances of Searle, in which carbon is about one 
tenth as abundant as in the Berman result, could affect these 
conclusions. They would of course tend to reduce the 
calculated effects. Ledoux and Walraveny suggested that the 
established presence of more complicated molecules such as 
in stellar atmospheres, lends weight to the above theory.
1.7 Nuclear Reactions and Stellar Evolution
Ideas on the evolution of R Cor Bor stars have been
pOgeneral and conflicting. Bidelman’s^ list of known R Cor
Bor stars showed a galactic distribution similar to that for
novae and planetary nebulae, i.e. concentrated to the
galactic plane and towards the galactic centre. This, and
1+2the high velocities of some R Cor Bor members, led Herbig 
to nominate them as intermediate population-II objects. 
However, Payne-Gaposchkin' has classified the group as young 
stars and population-I members, tentatively lying between
17
cepheids and long period  v a r ia b le s ,  in  a v a r ia b le  s t a r  
d iagram ,
R Cor Bor s t a r s  were b r ie f ly  d iscu ssed  by Burbidge
e t  a l '  where i t  was suggested  th a t  th e  S a lp e te r  r e a c t io n  
4 123 He -» C 3 has occurred  in  th e  core  and th a t  m ixing has n o t
tak en  p lace  u n t i l  a l l  th e  hydrogen has been consumed. The
th eo ry  th a t  R Cor Bor s ta r s  a re  th e  a n c e s to rs  o f p la n e ta ry
nebulae was pu t forw ard .
14S e a rle ^  has re fu te d  t h i s  id ea  on the  grounds of th e
com position  d e te rm in a tio n s  by A l le r '- ' o f p la n e ta ry  n eb u lae .
I t  was suggested  th a t  R Cor Bor commenced as an
in te rm e d ia te  p o p u la tio n - I I  o b je c t s l i g h t ly  h e a v ie r  th an  th e
Sun. The low abundance of C J and th e  h igh  C/N r a t i o  a re
w itn e sses  to  th e  f a c t  th a t  hydrogen burning has n o t been
s ig n i f i c a n t .  The s im i la r i ty  in  abundance w ith  HD 160641, a
54helium  s t a r  in v e s t ig a te d  by A l le r '  , led  him to  su g g est th a t  
they  may be su ccesso rs  of th e  n u c le i o f p la n e ta ry  n eb u lae .
More r e c e n t ly ,  A l l e r "  has suggested  th a t  helium  s t a r s  
in  g en e ra l may have evolved by means of a c lo se  companion 
s t r ip p in g  o f f  th e  o u te r  atm osphere and then  evo lv ing  to  th e  
f a i n t  w hite  dwarf s ta g e . Assuming R Cor Bor has an 
i n t r i n s i c  magnitude of - 5 .0 ,  and hence a d is ta n c e  modulus of 
11.0 m agnitudes, we o b ta in  an ap p aren t m agnitude fo r  a w h ite  
dwarf companion of +19.0 . This would be d i f f i c u l t  to  see and
18
r e s o lv e . However, th e  f a c t  th a t  no p e r io d ic i ty  in  r a d i a l  
v e lo c i ty  m easures has been d e te c te d , weighs a g a in s t th i s  
id e a . The su b je c t w i l l  be d isc u sse d  ag a in  w ith  re fe re n c e  to  
our work.
Keenan and G reen ste in  ^ have id e n t i f ie d  unusual l in e s  in  
th e  spectrum  of R Cor Bor in  th e  w avelength range 3716-8695 A, 
and th i s  work may add to  th e  knowledge of n u c lea r p ro cesses  
in  such s t a r s .
PART 2
1 .8  In tro d u c tio n
HD 116713 and y Vel have both  been c l a s s i f i e d  among th e  
sm all group of known barium s t a r s .  The most obvious 
c h a r a c te r i s t i c  which makes th i s  id e n t i f i c a t i o n  p o s s ib le  i s  
th e  g re a t s tre n g th  of the  Ba I I  l in e  a t  4554.0 A. O ther le s s  
obvious c r i t e r i a  in c lu d e  th e  s tre n g th e n in g  of s tro n tiu m  l in e s .
Both of th e se  s ta r s  have been inc luded  in  l i s t s  by 
56 57Bidelman and Keenan and Bidelman , and they  a re  th e  two 
b r ig h te s t  examples of the  type  in  th e  f a r  so u th e rn  sky. With 
t h e i r  apparen t m agnitudes (5 .2  and 5*? re s p e c tiv e ly )  th ey  a re  
a c c e s s ib le  to  a h igh  d is p e rs io n  s p e c t r a l  s tu d y , in  th e  same 
way as RY Sag.
To th e  a u th o r 's  knowledge no h igh  d is p e rs io n  s p e c t r a l  
an a ly ses  have been made of th e se  two s t a r s .  S ince HD 116713
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shows more enhanced barium star properties than y Yel, it was 
of interest to ascertain the significance of this when more 
detailed knowledge was obtained. Once again the importance 
of such stars for delineating the course of element building 
in the universe cannot be overestimated. Up to the present 
time our quantitative knowledge of such objects rests on the 
analysis of one star, HD 46407, mainly because the brighter 
examples are in the southern sky.
Samples of their spectra, with emphasis on the unusual 
features, are shown in Plate 2.2.
1.9 Spectroscopic Observations
In this report we have included a discussion on S stars 
since there is convincing evidence of a close relationship
between these and barium stars.
<6Bidelman and Keenan' first called attention to the 
fact that there existed several stars of spectral type G and 
K in which the Ba II line 4554.0 A was considerably 
enhanced. Other luminosity criteria clearly established that 
these stars were not supergiants, so that the above 
enhancements were not luminosity effects. Other features 
which were found to be common to all stars in this group were: 
(1) enhancement of Ba II lines arising from the first 
excited levels as well as the ground state, (2) increased 
strength of the Swan bands of molecular carbon
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particularly the (0,0) band at ?165 A, (3) increased strength
of the G-band and weakening of the atomic line spectrum in
the same region (4) strengthening of the violet bands of CN
at 4215 A in most of the stars and (5) strengthening of the
ionized lines of Sr II at 4077«7 and 4215.5 A. An infra-red
spectrum of one barium star, HR 774, displayed the normal
spectral distribution of a G8 - K0 giant, with an
enhancement of the CN bands.
In their list was HD 26, first classified by Keenan 
58and Kellery as a CH star of high velocity, and recently 
investigated with high dispersion by Wallerstein and
Ey Q Ar)Greenstein . Garstang has identified lines in the violet,
blue and visual regions of the brightest barium star, ^ Cap.
As well as confirming the enhanced lines mentioned above, he
identified lines of La II, Y II, Sc II, Zr II, Nd II, Pr II,
Sm II and Ce II, all of which were enhanced. Similar
peculiarities were observed in the red region of HD 116713
and the conclusion that this star was a giant was also made. 
61Bidelman*s classification of GP Crionis as an S star 
suggested that these stars have a carbon abundance 
intermediate between M stars and carbon stars. It has been 
known for some time that in the spectra of S stars and N 
stars (also CH stars) the Ba II at 4554 A is enhanced^2*^ 3.
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Thus, Bidelman has remarked on th e  p o s s i b i l i t y  of a c lo se
r e la t io n s h ip  between S and barium s t a r s ,  of which the
l a t t e r  a re  h o t te r ,
64 61)M e rr i l l  ’ y has p u b lished  ta b le s  of w avelengths of
l in e s  measured in  th e  spectrum  of th e  S s t a r ,  R Andromedae,
and th e  more normal long p erio d  v a r ia b le  R L eonis. A lle r  and
66Keenan have measured the  red  and in f r a - r e d  reg io n  of R
Andromedae and concluded th a t  i t  has a s im ila r  tem pera tu re  to
^ -O rion is  ,^3 1 0 0 °K , and i s  somewhat more luminous than  a
norm al M g ia n t of th e  same tem p era tu re . Buscombe and 
67M e r r i l l  ' have measured l in e  s tre n g th s  in  th e  above
m entioned s ta r s  as w e ll as in  o C e ti .  A ll t h i s  work, as w e ll
68as M e r r i l l ^ 0 d isco v ery  of technetium  in  S s t a r s ,  caused 
69Bidelman '  to  conclude th a t  th e  l in e s  of th e  r a r e  e a r th
elem ents were d e f in i t e ly  enhanced in  S s t a r s .  F urtherm ore ,
from th e  in te rm e d ia te  p o s i t io n  of o C e t i ,  i t  was p o s tu la te d
th a t  th e re  i s  a continuous g ra d a tio n  of type between normal
and enhanced S s t a r  c h a r a c t e r i s t i c s .  The f a c t  th a t  th e re  i s
a continuous tem pera tu re  sequence of S type s t a r s ,  as found 
70by Keenan' , shows th a t  ca re  i s  re q u ire d  in  th e  
c l a s s i f i c a t i o n  of such s t a r s .
1.10 M olecular E q u ilib riu m  in  Late Type S ta rs
The h is to ry  of th e  approach to  s p e c t r a l  p e c u l i a r i t i e s  
in  l a t e  type s ta r s  re v e a ls  a r e lu c ta n c e  to  in t e r p r e t  them in
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terms of abundance differences, but rather in terms of
excitation effects and the carbon/oxygen balance.
71Russell' , from his well-known work on molecular
equilibrium in stellar atmospheres, concluded that S stars
probably belonged to the oxygen group, i.e. stars in which
oxygen was more abundant than carbon. Because he was
considering ZrO and TiO, he concluded that Zr must also have
an increased abundance in such stars - a result which holds
today, though it was not always so. The 0/C ratio is still
not well determined for S stars, though it will certainly be
greater than for carbon stars. This seems assured by the
work of Russell^1 and Rosenfeld^2.
7 0Wurm'“' attempted to explain the difference between M and
S stars by assuming similar abundances but dissimilar physical
conditions prevailing in the atmospheres. Consideration of the
relative strengths of TiO and ZrO bands caused him to conclude
that the latter could predominate in lower pressure atmospheres
Thus S stars would probably be supergiants. This result has
been put in doubt by observations of considerable weight. Firs 
74ly, Feast' has obtained an intrinsic absolute visual magnitude
1of the S star Tr Gruis by luminosity classification of its GOV 
companion. It was found to be between -1 and 0, a result in 
agreement with spectroscopic criteria applied to fP Gruis itsel 
Secondly, Wilson and Merrill'' have obtained -1.4 from the
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Statistical parallax of a group of S stars, whose radial
velocities and proper motions were known.
Fujita^ and Bouigue^ claimed to interpret differences
between M and S stars in terms of different abundances of
C, N and 0 only. These theories paid little attention to the
observed fact that, in S stars, not only the ZrO bands but
atomic lines of Zr and many other rare earths were enhanced.
78Merrill' introduced a third parameter of rare earth element
abundance to define S stars.
79Bidelman has discussed evidence which suggested that 
the S stars are part of a continuous sequence with regard to 
carbon content. This sequence would extend from carbon stars, 
through the intermediate C-S stars and purer S stars to the 
ordinary M stars. Bidelman suggested that GP Orionis might 
be an example of a star which falls in the C-S region.
Neither C2 nor ZrO bands are conspicuous, but the sodium D 
lines and neutral strontium line are enhanced. If S stars 
occupy this position, it may be that they contain the high 
abundance of the isotope which McKellar found in the 
carbon stars.
By analogy we could suggest that barium stars have an 
intermediate carbon abundance between R stars and normal G 
and K giants. The analogy may be continued to consider the
2b
th e  is o to p e . O bservations of bands, in  s t a r s  where 
12C bands have only  m oderate s t r e n g th ,  w i l l  n o t be easy .
go g -j 82
Bouigue , Cowley and A lle r 0 ' have made more 
s o p h is t ic a te d  c a lc u la t io n s  of m olecu lar e q u i l ib r ia  over 
tem p era tu re  ranges r e le v a n t  to  l a t e  type s t a r s .  A ll 
e s s e n t i a l l y  ag ree  on th e  n e c e s s i ty  fo r  invoking enhanced 
abundances of th e  r a r e  e a r th  e lem en ts. T heir work shows how 
a r e l a t i v e l y  sm all change in  th e  0/C r a t i o  can am plify  
d if fe re n c e s  in  th e  abundances of o th e r m olecu les.
S t a n g e r 1s ^ m o lecu lar e q u i l ib r i a  r e s u l t s  have suggested  th a t  
th e  fo rm atio n  o f Zr02 h ig h e r  tem pera tu res th an  ZrO, could 
p lay  an im p o rtan t r o le  in  the  r e l a t i v e  abundances of TiO and 
ZrO.
8^ -F in a l ly ,  T s u ji  has made a curve of growth abundance 
a n a ly s is  in  th e  in f r a - r e d  re g io n  of two S s t a r s ,  HD 216672 
and HD 226^9. I t  was concluded th a t  th e  0/C r a t i o  was 
sm a lle r th an  in  norm al s t a r s  and th e  use of th i s  r e s u l t  
allow ed the  in fe re n c e  to  be drawn th a t  th e  Z r/T i r a t i o  i s  
g re a te r  in  th e se  s ta r s  compared w ith  normal ones, by a f a c to r  
of 3 and 6 r e s p e c t iv e ly .
1.11 N uclear P ro cesses  R e lev an t to  Barium and S S ta r s
G reen s te in  has d isc u sse d  h is  o b se rv a tio n s  of S and 
barium s t a r s ,  s t r e s s in g  th e  predominance of r a r e  e a r th  l in e s  
in ^ C a p  and V rabec! s s im ila r  in d e n t i f ic a t io n s  in  HD 26.
2?
Having noted the absence of technetium lines in these stars, 
he invoked the following possible general methods to explain 
the anomalous abundances:
(1) the transmutation of the iron-group elements into the 
rare earths by neutron and proton capture processes in the 
very hot collapsing cores of stars; production of technetium 
might be a transient phenomenon which requires favourable 
conditions and time scales. (2) production of the rare 
earths by bombardment of the iron group elements in the 
atmospheres of stars, with high energy protons energised in 
variable magnetic fields.
Greenstein^ and Cameron^ 5^  first proposed a detailed 
mechanism for the production of neutrons in the interiors of 
stars. If the CN cycle of Bethe has been proceeding in the 
cores of the more luminous stars some must have been 
produced.
C 12(H1 ,^)N13(f+V)C13(H1 ,j)N1l+(H1 ,J')01?(p'lV)Nl5(H1 ,He4 )C12
When the hydrogen has been consumed in the core, helium
burning could begin after contraction, when the temperature
8 ohas reached 2 x 10 °K. Before appreciable energy could be
generated helium would begin to react with the products of 
the CN cycle. Of all possible reactions the following could 
produce neutrons:
C 1-3 + He1' * O 16 + n.
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Cameron found that the neutron flux would depend on the
1 9equilibrium abundance of C and that neutrons could react
with the heavier elements after they had been thermalised by
collisions with helium nuclei.
Difficulties arose with this theory because of the small 
1 9amount of C J produced under equilibrium conditions, the 
C ^ ( p 5^ )N^+ reaction destroying C^, and the N^(n,p)C^ + 
reaction which absorbs neutrons efficiently.
89To obviate these problems, Fowler et al ' suggested that
i <$ 20 2bin the helium burning core of stars, 0 , Ne and Mg might
be built up. If hydrogen could be introduced to burn and 
produce O1'7, Ne^ and M g ^  these nuclei might then react in 
the following way to produce neutrons:
017(«,n)Ne20, Ne21(^,n)Mg2lf, Mg2h*,n)Si28
17 21It seemed likely that the small abundance of 0 , Ne' and
2 ^Mg y would restrict the supply of neutrons. However, a
20 1^ + 21resonance reaction Ne (p,^)Na^ (,3 )Ne , followed by mixing 
in a helium burning region, could cause the following 
reaction: Ne^ (a,n)Mg^.
Once again the neutron flux depends on the abundance of
21Ne which could be destroyed by hydrogen burning. To
overcome these problems the most recent suggestion by Cameron 
for neutron production in stable stellar interiors, is the 
following:
90
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12(C12,p)N a23 C12(C12,oONe
12(p)N 13( g ) C 13 C13(« ,n )0 16
T his mechanism avo ids to  some degree th e  r a th e r  d e ta i le d  
m ixing re q u ire d  in  th e  p rev ious methods.
91Other p o s s i b i l i t i e s  g iven  by Reeves and S a lp e te r  were 
C |1 (C ^ ,n )M g ^  and 0 ^ ( 0 ^ ° ,n ) S ^  . O bviously some 
o b s e rv a tio n a l v e r i f i c a t i o n  i s  u rg e n tly  re q u ire d .
C am erons in t e r p r e t a t i o n  of th e  ev o lu tio n  of s t a r s  when 
th e  f i r s t  method of n eu tro n  p ro d u c tio n  p re v a ile d  i s  
i n t e r e s t i n g  from an o b s e rv a tio n a l p o in t of view and may no t 
be e s s e n t i a l l y  d i f f e r e n t  i f  one assumes h is  more re c e n t 
n eu tro n  p ro d u c tio n  mechanism. H eavier elem ents on the  
n eu tro n  ca p tu re  p a th  would be b u i l t  up. The more abundant 
would be th e  n e u tro n  magic number n u c le i w ith  low ca p tu re  
c ro s s - s e c t io n s  f o r  n e u tro n s . The elem ents produced would be 
s ta b le  a g a in s tp  -decay  and th e  r e l a t i v e  in c re a se  would be 
in v e rs e ly  p ro p o r t io n a l  to  t h e i r  c a p tu re  c ro s s - s e c t io n s .  The 
p ro cess  should  s to p  a t  lead  because h ea v ie r  elem ents would 
undergo im m e d ia te -d e c a y  back to  th e  lead  is o to p e s . An 
in te r e s t i n g  r e s u l t  would be th a t  th e  carbon abundance, C 
and C1^, i s  b u i l t  up in  th e  co re . I n i t i a l l y ,  th e  s t a r  should 
appear normal as type  K or M; deep mixing would b rin g  
technetium  and s -p ro c e s s  elem ents to  th e  s u r fa c e ;  f i n a l l y  
carbon would so predom inate th a t  a l l  oxygen would be consumed
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in CO and the star would have carbon star characteristics. 
This led Cameron to postulate that M, S, barium and C stars 
are not parallel sequences but one continuing evolutionary- 
sequence.
92Burbidge and Burbidge7 have made the only high 
dispersion quantitative abundance determinations of a barium 
star. They made a differential analysis of HD -^6^ 07 compared 
with K Gem. Atmospheric parameters were found to be the same 
in both stars. All elements, except carbon, which had 
measurable lines, up to and including germanium, have normal 
abundances. However, the elements C, Sr, Y, Zr, Nb, Mo, Ru, 
Ba, La, Ce, Nd, Sm, Gd, Yb, W and Pb, are all overabundant in 
HD b6k07» Eu was found to be normal. Low weight, because of 
line blending, had to be given to Ge, Ru, Eu, Gd, Yb, W and 
Pb. The conclusions were that overabundances occurred in 
elements produced by the slow neutron process, and evidence 
for the fast neutron process occurring was poor, mainly 
because the relevant elements were spectroscopically 
inconspicuous.
The overabundances, combined with rather uncertain 
neutron capture cross-sections, show that an unlimited flux 
of neutrons was available for the element building. This 
contrasts with the results from the Sun. Here, Burbidge et 
al^ have shown that two time scales were involved. The
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lighter s-process elements in the Sun resulted from a few
c'/l c?neutrons per Fe^ nuclei becoming available in 1Cr years. 
Neutrons may have come from the ^(*,n)0^ reaction at 
7.5 x 10? °K. The heavier nuclei were produced by a free 
supply of neutrons in 10^ years. Neutrons may have come from 
the other sources discussed above at a temperature of 
2 x 108 °K.
The same authors have suggested that the statistics of S
stars in the galaxy indicate that all the s-process element
content of the galaxy could be produced in the S stage of
evolving stars. This, of course, depends on the
interpretation of the statistics, but it has been pointed out
that the S star lifetime (^10 years) is compatible with the
99half-life period for decay of Tc . It has been emphasized 
that, whereas metals below the iron peak could be synthesized 
by slow neutron capture if the star contained first 
generation material, the production of the heavy elements 
with magic number nuclei requires that the star contains 
second or third generation material.
Finally, C a m e r o n ^ has suggested that Tc^, and not
99 97Tc , is present in S stars. Tc would be produced by
97photo-beta reactions involving Mo ' since it could be
97maintained in equilibrium with Mo at high temperatures. 
Therefore, he concluded that neutron capture need not be
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going on in these stars at the present time. Conditions for
97 93the production of Tc 1 also favour Nb , and Nb is enhanced 
in S stars. T c ^  has a half-life of 2.6 x 10^ years so
99mixing requirements would be less restrictive than for Tc .
A number of review articles exist, which include 
discussion of some or all of the data presented above, but 
have not been mentioned since the original papers in most 
cases have been quoted.
CHAPTER 2
OBSERVATIONAL MATERIAL AND MEASUREMENTS 
2.1 The Spectrograph
All the high dispersion spectral observations used for
this project were obtained with the coude spectrograph of the
74-inch telescope of Mount Stromlo Observatory. This
instrument has been described briefly by Dunham , and the
optical principles are similar to those developed by the same 
96author' and incorporated in the coude spectrograph at the 
Mt. Wilson Observatory; only a brief description is given 
here.
The collimator mirror accepts an f/31 beam from the slit 
and the dispersing media are gratings, 6M x 8” in ruled area. 
Cameras with 8", 32” and 120” focal length are available.
All observations for the present investigation were made with 
the 32” off-axis Schmidt camera. The correcting plate used 
initially with this camera had an aperture of 4.1" x 6.1", 
and so transmitted only about 50 per cent of the light from 
the grating. Just as this investigation was being completed, 
it was replaced with a much larger plate with a 20" aperture.
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Two gratings were available and these were readily- 
interchanged, The B Grating (a replica by Bausch and Lomb) 
is blazed near 3700 A in the second order. With the 32” 
camera, this grating gives a linear dispersion of 10.2 
angstroms per millimetre. In the first order in the near 
infra-red the same combination gives a dispersion of 20.4 
angstroms per millimetre. It also proved useful in the green 
and red in the first order, where the efficiency of the blaze 
is such as to allow spectra, continuous from Hji to beyond H<x, 
to be obtained. The C Grating, (an original grating, ruled 
at Mt. Wilson) is blazed near 3Ö00 A in the third order; with 
the 32” camera it gives a linear dispersion of approximately 
6.7 angstroms per millimetre in the blue, and 10.2 angstroms 
per millimetre in the second order green-red region of the 
spectrum.
A Schott GG-11 filter was used in front of the slit for 
infra-red plates with the B-II grating, and green-red plates 
with the C-III grating to eliminate overlapping higher orders. 
The overlapping fourth order, in the region 4800-5000 A, with 
the C-III grating could be eliminated by using a GG-2 filter, 
but this proved to be unnecessary because of the much smaller 
flux at the shorter wavelengths in late type stars, and the 
greater atmospheric extinction.
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Widening of the spectra was accomplished by means of a 
rocking plane-parallel glass plate in front of the slit. 
Observational efficiency with the spectrograph was high, 
because of the presence of an exposure meter which measured 
both the instantaneous and total flux entering the slit. All 
plates exposed, except those stopped by cloud, were usable, 
partly because guiding was better, and partly because the 
required exposure could be accurately estimated.
2.2 Programme Stars
In Table 2.1 are listed details of the stars observed in 
this programme. The list contains both the stars of 
apparently unusual abnormal abundances, and those used as 
standard comparison stars for differential curve of growth 
analysis. Comments will be made in later chapters on the 
particular idiosyncrasies of these comparison stars.
TABLE 2.1 
Programme Stars
Star HD Number <*.(1900) $(1900) mv Sp.T
y Vel 83548 9h 31+.6 -42°45’ 5.5 KO
- 116713 13h20.3 -39°14' 5.25 KO
cx. Boo 124897 1>+h 1 1 . 1 +19°42' 0.24 K2
RY Sag 180093 19h 10.0 -33°42* 6.1 GOp
|3 Aqr 204867 21h26.3 -06°011 3.07 GO
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2 . 3  S p e c t r o g r a m s
D e t a i l s  o f  t h e  s p e c t r o s c o p i c  p l a t e s  u se d  i n  t h i s  t h e s i s  
a r e  g i v e n  i n  T a b l e  2 . 2  ( a )  ( |3Aqr) , 2 . 2  (b)  (RY S a g ) ,  2 . 2  (c)
(pc Boo) , 2 .2  (d)  (HD 116713) ,  2 . 2  (e )  (y V e l )  • The co lum ns,  
i n  o r d e r  f rom t h e  l e f t ,  c o n t a i n  t h e  p l a t e  number ,  d a t e  on 
w h ich  t h e  p l a t e  was t a k e n ,  t h e  e m u ls io n  ty p e  u s e d ,  t h e  
a p p r o x im a te  l i n e a r  d i s p e r s i o n ,  t h e  r e s o l u t i o n  d e n o te d  by t h e  
p r o j e c t e d  s l i t  w i d t h  on t h e  p l a t e  i n  m ic r o n s ,  and t h e  
e x p o s u r e  t im e  i n  m in u t e s .
F o r  t h e  v i o l e t  and b l u e  r e g i o n s ,  I I a - 0  p l a t e s  were  
p r e f e r r e d  f o r  t h e i r  s m a l l e r  g r a i n .  T h e i r  speed  was 
i n c r e a s e d  by b a k in g  them from 48 t o  72 h o u r s  a t  a  c o n s t a n t  
t e m p e r a t u r e  o f  50°C. I t  was found  t h a t  o l d e r  p l a t e s  c o u ld  
n o t  be baked f o r  t h e  same l e n g t h  o f  t im e  w i t h o u t  f o g g i n g .
T h i s  b a k in g  p r o c e s s  r e s u l t e d  i n  a speed  g a in  o f  t h e  o r d e r  o f  
2 t o  3 t i m e s ,  i n  c o m p a r is o n  w i t h  t h a t  f o r  unbaked p l a t e s .  No 
q u a n t i t a t i v e  c h e c k s  were  made f o r  change o f  c o n t r a s t  o r  g r a i n .  
I t  was a l s o  fo u n d  t h a t  b a k in g  o f  I l a - D  p l a t e s  f o r  48 h o u r s  
c a u se d  a g a i n  i n  sp e ed  o f  t h e  same o r d e r  as  f o r  I I a - 0  p l a t e s .  
S i n c e  F p l a t e s  d i d  n o t  r e s p o n d  t o  b a k in g ,  s i m i l a r  sp e e d s  
were  o b t a i n e d  w i t h  103a-F and baked I l a - D  p l a t e s .  103a-F 
p l a t e s  were  u se d  t o  c o v e r  t h e  r e g i o n  5800-6800 A and baked 
I l a - D  p l a t e s ,  t h e  r e g i o n  5300-6300 A. I-N p l a t e s  were  
a lw ays  h y p e r s e n s i t i z e d  w i t h i n  a few h o u r s  o f  u s e .  T hese
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TABLE 2.2 
Spectrograms
(a) p Aqr
Plate No. Date Emulsion Dispersion Resolution Exposure A/mm.
200 2/8/61 IIa-0 6.7 22 47
201 2/8/61 IIa-0 6.7 22 17
232 11/8/61 Ila-F 10.2 22 48
410 22/7/62 103a-F 10.2 28 47
411 22/7/62 IIa-0 6.7 28 17
421 13/9/62 1-N 20.4 28 42
(b) RY Sag
54 2/5/61 103a-0 10.2 28 154
69 7/5/61 IIa-0 10.2 28 171
82 10/5/61 IIa-0 10.2 28 100
102 19/5/61 IIa-0 6.7 28 270
111 22/5/61 IIa-0 10.2 28 322
157 20/7/61 IIa-0 6.7 22 402
204 3/8/61 IIa-0 6.7 28 60 5
218 6/8/61 IIa-0 6.7 28 601
231 11/8/61 Ila-F 10.2 30 280
292 24/9/61 IIa-0 6.7 28 335
313 30/9/61 Ila-F 10.2 43 196
402 18/7/62 103a-F 20.4 28 70
403 18/7/62 103a-F 20.4 28 120
407 19/7/62 103a-F 20.4 28 120
420 13/9/62 1-N 20.4 40 257
663 10/8/63 1-N 20.4 31 210
(c) 00PQ*
372 29/3/62 IIa-0 6.7 28 6
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381 13/ 7 /6 2
(c )  0CB00 
I I a -0
( c o n t . )  
6 .7 28 5
387 1 4 /7 /6 2 103a-F 10 .2 28 5
388 1 4 /7 /6 2 103a-F 1 0 .2 28 6
503 7 / 3 /6 3 1-N 2 0 .4 25 9
108 21/ 5/61
(d )  HD 
I I a - 0
116713
6 .7 28 88
122 2 7 /5 /6 1 I I a - 0 6 .7 28 120
126 2 9 /5 /6 1 I I a - 0 6 .7 28 78
194 1/ 8/61 I I a - 0 6 .7 22 163
484 6/ 2 /6 3 103a-F 10 .2 30 168
487 7/ 2 /6 3 I l a - D 10 .2 30 201
49? 4 / 3 / 6 3 1-N 2 0 .4 28 324
519 1 3 /3 /6 3 103a-F 10 .2 28 162
485 7/ 2 /6 3
(e )  y 
I I a - 0
V el
6 .7 26 210
486 7/ 2 /6 3 I l a - D 1 0 .2 30 120
494 4 / 3 / 6 3 I I a - 0 6 .7 28 234
499 5 /3 /6 3 103a-F 10 .2 30 ■"
p l a t e s  w ere im m ersed i n  a 4 pe r■ c e n t  ammonia s o l u t i o n made
w i th  d i s t i l l e d  w a te r  a t  a  t e m p e r a tu r e  l e s s  t h a n  10°C, f o r  3
t o  4 m in u te s .  They were d r i e d  i n  a c a b i n e t  e q u ip p ed  w i th  a 
f a n ,  a t  a t e m p e r a tu r e  o f  a p p ro x im a te ly  25°C; d r y in g  t im e  was 
a p p r o x im a te ly  t o  30 m in u te s .  The d e g re e  o f  fo g g in g  was 
k e p t  a t  a r e a s o n a b l e  l e v e l ,  and a p p e a re d  t o  c o r r e l a t e  ro u g h ly  
w i th  age  o f  t h e  p l a t e s .  Some d i f f i c u l t y ,  w hich  was n o t
Plate 2.1. Samples of the spectra of /3 Aqr and RY Sag 
with some lines of interest marked, a -JAqr; h - RY Sag.
O a -Q O  JQ
7772
7774
7775
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Plate 2.2. Samples of the spectra of HD 116713 > V Vel 
and DC Boo with some lines of interest marked. Spectra 
are not well aligned because of large differences in the 
Doppler shifts and slight differences in the dispersions 
of the spectra resulting from the use of two different 
camera mirrors, a - HD 116713? b - y Vel; c - oc Boo.
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completely overcome, was experienced with the plate backing 
contaminating the emulsion. This had the effect of creating 
an uneven background density over the plate.
Spectra of stars fainter than 4.0 magnitude were usually 
widened to 0.5 - 0.7 nun. For bright stars the width was 
increased to 1.0 mm or slightly more. In general, the slit 
length and to some degree the slit width, were set 
according to the quality of the atmospheric seeing prevailing 
at the time. All the spectra listed were not used for 
photometry and discussion of plates used for other purposes 
will be made in the appropriate sections.
In Plates 2.1 and 2.2 are shown sections of some of the 
spectra, with wavelengths and individual lines of interest 
marked.
Except for the green region of HD 116713? the green and 
red region of y Vel, and the yellow and red region of RY Sag, 
all regions used for quantitative work are covered by at 
least two spectral plates.
2.4 Comparison and Calibration Spectra
For the comparison spectrum hollow cathode iron tubes 
were used; most gave primarily argon lines from the gas 
filling the tube. For the green, red and infra-red regions, 
the lines from the overlapping violet and blue order were 
used, as well as any lines existing there. There are
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some particularly strong argon lines in the infra-red 
region.
Calibration spectra were obtained on each plate by
q6using linear wedge-shaped windows' , illuminated by one or 
more tungsten lamps with filters chosen to equalize to some 
degree the density over a considerable extent of spectrum.
The ground glass area is focussed on the grating by field 
lens and collimator. Calibration spectra are produced on 
either side of the stellar spectrum. Each contains a 
reference mark produced by a fiducial wire in the windows.
Calibration exposure times were made to be as large a 
fraction of the stellar exposure time as possible. Assuming 
an intermittency, due to trailing the star image along the 
slit, which reduces the exposure time for points across the 
spectrum by -p  (this factor will be a function of the slit 
length and the seeing) we have calibration exposure times 
which range between 25 per cent and 150 per cent of the true 
stellar exposure. Most fall in the range 50 or 100 per cent, 
but the extremely long and extremely short stellar exposures 
lie outside this range. No attempt was made to simulate the 
intermittency effect with the calibration exposures. By 
keeping the two exposure times as closely as possible equal, 
we hoped to retain the correct calibration curve for the 
stellar spectra.
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All plates were developed in D19 developer for five 
minutes at 20°C, and agitation was performed by hand.
2. 5 The Microphotometer
A Hilger microphotometer was used. It required some 
modifications for adaptation to coude material. A special 
plateholder for coude plates was constructed and the 
carriage drive and viewing system were altered so that 2W x 
10M plates could be driven both parallel and perpendicular 
to the dispersion. Originally, the recording system was a 
Cambridge ratio chart recorder from the output of a two 
channel amplifier. This system recorded transmission.
Calibration curves for a plate at a particular 
wavelength were obtained by driving the plate perpendicular 
to the dispersion at a suitable speed. The coordinates of 
the curve are plate transmission versus intensity of incident 
light.
2.6 Intensitometer Attachment
To overcome the tedious point-by-point conversion of 
plate transmission into intensity, it was decided to 
construct a device which would make the intensity recording 
simultaneous with the microphotometer scanning. Several 
different types of intensitometer have been designed - in
i 97 98 96particular, those by Bruckner , Phillips' , Dunham ,
99 100Beals , Williams and Hiltner , and also Minnaert and
ko
1 01Houtgast . For our purposes the method of Phillips seemed 
to he the simplest and most practical.
The Cambridge recorder has for its drive axis a vertical 
shaft which makes one revolution for a full scale deflection 
of the pen. Therefore, a circular potentiometer with thirty- 
taps was specially constructed to fit on the end of the 
vertical shaft. The tapped sections were shunted with 
variable resistors (each 100 ohms maximum). Because of the 
limitations in size the total resistance of the 
potentiometer was 1000 ohms. Since both shaft and 
potentiometer were single-turn, no gearing was necessary.
The circuit design was simple and is given in Figure 2.1. As 
the power source a mercury cell proved sufficient, since the 
output was used to activate a Brown-Honeywell recorder. To 
set the intensitometer for a particular calibration curve, 
the curve from the microphotometer was measured at 30 equally 
spaced positions on the transmission coordinate to obtain 30 
values of the corresponding intensity. These values were 
converted to ohms by normalising the maximum value of a 
tapped section to be 1000/30 ohms. These values were set on 
the tapped intervals by varying the shunt resistors. Since 
very dense regions of the plate were not traced, all 30 
intervals were not used. In effect, the calibration curve of 
the plate is represented by 30 small straight line sections.
FIGURE 2.1
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The errors in intensity caused by the approximation are 
small, and within the errors of measuring of the original 
curve (i.e. less than 0.5$). The main disadvantage of this 
system was the time required to set up a particular curve in 
the intensitometer. If the resistances required in any of 
the tapped sections were smaller than 5 ohms the errors in 
setting and maintaining these values became high. The 
response time of the system was about 2 seconds (full scale 
deflection) - limited by the recorder response time.
During the course of the investigation a Moseley 
XY-recorder was installed. Comparisons showed no significant 
systematic differences between curves traced with this device 
and with the device that was developed earlier. The majority 
of the plates were traced with this more sophisticated device. 
2.7 Variation of the Calibration Curve
To determine the variation in shape of the calibration 
curve on a plate with wavelength, we ran the calibration 
spectrum on the microphotometer at a number of wavelengths 
with the XY-recorder curve, which was derived for a different 
wavelength. If there is no change of calibration curve with 
wavelength a straight line should be traced - the slope 
depends on the density of the exposure at that particular 
part of the calibration spectrum. This was, in fact, found 
to be the case over a range of 4000-5000 A for IIa-0 plates,
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5400-6300 A for Ila-D, and 5700-6700 A for 103a-F. This 
check was carried out for almost all plates which were 
traced.
When a number of calibration curves had been constructed, 
it was found that one could often be selected to satisfy the 
straight-line condition above, for a new plate.
2.8 Microphotometer Tracings
Plates were generally traced in sections; i.e. every few 
inches the focus, clear plate, and dark levels were 
readjusted to ensure that plates were always in focus with 
respect to the scanning slit, and to eliminate the effects of 
any long term drifts in the stability of light source and 
amplifiers. The scanning speed of the microphotometer was 
such that a resolution limit scan was performed in the 
response time of the recording system. The microphotometer 
speed was 2.5 mm/minute and the full scale deflection time 
of the recorder 0.4 seconds. To establish that no detail was 
lost, we ran a plate with a slower microphotometer speed, and 
demonstrated that the depth of sharp deep lines was the same 
in both cases. The magnification factor between plates and 
tracings was kept constant at 60 x.
2.9 Line Identification
The first plates obtained of each star in the different 
spectral regions were measured on the Zeiss Abbe Comparator.
*+3
All visible lines in the region of interest together with
selected comparison lines of argon of known wavelength were
recorded. The argon lines were identified from Moored
102Multiplet Table , by establishing the stronger unambiguous 
lines first. Doubtful and blended lines were rejected. The 
comparison lines were used to obtain, by least squares, an 
expression giving the wavelengths as a quadratic function of 
the position. The coefficients of this expression were then 
used with the positions of the stellar lines to calculate 
their wavelengths. The Doppler displacements were extracted 
by using previously determined radial velocities for all
102stars. The radial velocity of RY Sag came from Przybylski’s
measurements of 3 plates obtained by Aller with the Cassegrain
Spectrograph of the 30-inch reflector of Mt. Stromlo
Observatory. The other radial velocities came from Wilson* s
1 o4General Catalogue . This was done in one programme on the 
IBM 610 computer at the observatory. The mean error in 
wavelength for medium and strong unblended lines was found to 
be 0.03 A in the violet and blue region and 0.05 A in the 
green and red regions.
Identification of lines in the G-type stars was carried 
out by consulting published lists of lines in similar stars.
The Revised Rowland Table of the Solar Spectrum^^ and the 
lists of Wright**^, Pannekoek^0*'7 and Moore^02 were consulted.
When the lines were strong and the identifications consistent
among the above lists the line was accepted as established
provided other members of the multiplet were present with
approximately the correct strength. For the weaker more
unusual lines careful identification of other members of the
multiplet and other lines of similar excitation was used.
The Utrecht Photometric Atlas of the Solar Spectrum was a
useful source of relative line strengths in these cases.
1 o ftFor the K stars the lists of Wright , Garstang and
109 110Warner , and the detailed work of Gratton were
consulted. All these lists contain line identifications in
92Go - K0 giant stars. The list of Burbidge and Burbidge was
also used, but some of their lines were rejected on the basis
of doubtful identifications or extreme blending. The
procedure was similar to that for the G-type stars.
2.10 Line Blending and the Continuum
In all such late type spectra, even at this relatively
high dispersion, line blending and the positioning of the
continuum can be sources of great error especially in the
111blue region. Indeed, Greenstein has remarked that, even 
with the highest dispersion available, blending is serious in 
stars cooler than late F type. The effect becomes more 
serious in the more luminous stars, where the number of strong 
ionized metal lines has increased, and the turbulence
>+5
broadening of lines is generally much greater. Excluding 
RY Sag, this line blending becomes rapidly less serious in 
going from blue to green to red.
Reference to the Utrecht Atlas of the Solar Spectrum for 
the G-stars was a first step in establishing possible 
positions of continuum windows, but inspection of the 
tracings showed that some of these were inappropriate for 
supergiant stars. The method finally adopted was to choose 
the highest points in the continuum at not greater than 25 A 
intervals, and to connect these with a continuous smooth 
curve. An assessment of plate grain noise was made for each 
individual tracing. The same established criteria was used 
for all tracings.
A similar technique was applied to the K stars. Even 
when continua were drawn independently of one another the 
results were internally consistent and also in approximate 
agreement with the positioning of the continuum on the 
tracing of oc Boo in the Hiltner-Willisuns Atlas of Stellar 
Spectra. This gave some confidence that the continuum was as 
well established as possible in such stars. It will be seen 
later that the raising of the continuum of RY Sag (for Plate 
292) by from 5 to 10 per cent has possibly resulted in 
changes of temperature, and electron pressure, but has not 
caused any essential differences in the abundance
determinations.
i+6
2.11 Selection and Measurement of the Lines
Selection of a line for measurement was based on the
estimation of possible blending from neighbouring lines and
for the possibility of establishing the effective continuum
for a particular line. In this respect weak lines will be
much more affected by errors in the continuum than strong
lines. The final choice for RY Sag and ßAqr was made with
25 ^1+the assistance of the lists of Berman y and Searle- . All 
the lines chosen were estimated to contribute much more than 
50 per cent to any possible blending and in most cases more 
than 80 per cent. The method of measuring equivalent widths 
was designed to eliminate as much as possible these errors.
There are three methods of determining the equivalent 
width of a line and these will be described in turn, since 
all were used in this study. They are (a) planimetry of the 
line profile (b) approximation of the lines by triangles 
(c) depths of the lines. In this work methods (a) and (b) 
were applied to the G-type stars and method (c) to the 
K-type stars.
(a) Planimetry. By observing the way in which line 
profiles vary with the strength of the line we attempted to 
draw in complete profiles for all the measurable lines. If 
the central intensity of the line was lowered by blending 
with a neighbouring line we drew in both profiles such that
V7
the sum of their strengths was the same as the total strength 
of the blend (eye estimates only). We hoped in this way to 
avoid the possibility that a weaker blended line would have 
the same strength as a stronger unblended line because the 
central intensities were the same. Lines for which this was 
extreme were badly blended and therefore not measured. The 
method required an empirical judgement concerning the 
relative strengths of the two lines. This method of 
planimetering the enclosed area was used for Plates 102 and 
292 of RY Sag. Measures were considered acceptable when two 
successive measures were within 5 per cent.
(b) Triangles. When we completed the profile of a line 
and then measured the width of the line at the half-depth 
points, the product of this and the depth gave the area of a 
triangle representing this line. It was found from the 
planimetry measures of Plates 102 and 292 and the areas 
obtained by this method, that there was an excellent one-to- 
one correlation even for strong lines. The half-width was 
actually a smoothed one made by the drawing in of the profile, 
so that accidental grain errors were small. Since this 
method (b) is noticeably faster than method (a) it was used 
for all subsequent measures of lines in the G-type spectra.
(c) Line Depths. If we assume that all lines of the 
same strength formed in a stellar atmosphere have the same
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shape th e n  i t  i s  p o s s ib le  to  e s ta b l i s h  a unique r e la t io n s h ip  
between th e  eq u iv a le n t w id th  W, of a l in e  and i t s  c e n tr a l  
d ep th  X. From th e  t r a c in g s  of th e  K s t a r s ,  s e le c t io n s  were 
made of a number of unblended l in e s  covering  th e  w id est 
p o s s ib le  range in  s tr e n g th . For each p la te  th i s  number d id  
no t exceed 100. A l e a s t  squares s o lu t io n  was made to  g ive 
a r e l a t i o n  between th e  e q u iv a le n t w idth  and th e  dep th  of 
th e se  l in e s  (dep th  in  t h i s  case was dep th  of l in e /d e p th  of 
n e ighbouring  continuum ). This r e l a t io n  was a polynom ial of 
d eg ree -3 j th e  c o - e f f i c ie n t s  of which were used to  c a lc u la te  
e q u iv a le n t w id ths of a l l  o th e r  l in e s  whose dep ths were 
m easured. F ig u re  2 .2  shows a p lo t  of e q u iv a le n t w idth  
a g a in s t  l in e  d ep th . The f u l l  l in e  re p re se n ts  th e  expected 
e q u iv a le n t w idth  from th e  measured l in e  dep th  and th e  p o in ts  
r e p re s e n t  th e  a c tu a l  e q u iv a le n t w id th . The p la te  number, 
and c o - e f f ic ie n t s  of the  po lynom ial, a re  g iven in  th e  
c a p tio n . I t  can be seen th a t  very  s tro n g  l i n e s ,  i . e .  th o se  
which have a dep th  of more th an  75 per cen t of th e  continuum 
h e ig h t ,  a re  ex trem ely  s e n s i t iv e  to  sm all e r ro rs  in  th e i r  
measured dep ths ( th ey  a re  l in e s  whose c e n t r a l  dep ths a re  
becoming s a tu r a te d ) .  E q u iv a len t w id ths fo r  th e se  very  s tro n g  
l in e s  were determ ined by p lan im e try . I t  was found th a t  one 
polynom ial f i t t e d  a c c u ra te ly  th e  measurements from d i f f e r e n t  
p la te s  o f the  same s p e c t r a l  reg io n  of one s t a r .  S ince th e
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r e s o lu t io n  of th e  p la te s  of a p a r t ic u la r  s p e c tr a l  reg io n  was 
th e  same fo r  a p a r t i c u la r  s t a r  we combined the  r e le v a n t d a ta . 
The whole p ro cess was done on th e  IBM 1620 computer in  one 
programme. The d a ta  f o r  the  s e le c te d  unblended l in e s  was 
read  in  f i r s t  and th e  c o e f f ic ie n ts  of the  polynom ial 
c a lc u la te d  and s to re d . Then w aveleng ths, dep ths and 
continuum h e ig h ts  of a l l  measured l in e s  were read  in ,  and 
log W/  ^ (where W = eq u iv a le n t w id th  and \  = w avelength) 
punched o u t. \  was read  in  to  id e n t i f y  th e  l i n e s ,  bu t more 
im p o rta n tly , so th a t  th e  d a ta  fo r  th e  c o n s tru c tio n  of th e  
curves of growth would be produced in  th e  same programme.
2 .12  Line I n t e n s i t i e s
The ta b le s  c o n ta in in g  th e  re le v a n t  m a te r ia l  concerning  
in d iv id u a l  l in e s  have been in c lu d ed  in  th e  Appendix. Each 
ta b le  co n ta in s  d a ta  fo r  th e  unusual s t a r  and th e  s t a r  fo r  
com parison w ith  i t ,  and p e r ta in s  to  one s p e c t r a l  re g io n .
Table A1. This co n ta in s  d a ta  from th e  w avelength reg io n
4000-4950 A, fo r  pA qr and RY Sag. The l in e s  in  a l l  cases a re
grouped accord ing  to  elem ent w ith  th e  lower atom ic w eights
p reced in g . In  o rd e r from the  l e f t ,  th e  columns c o n ta in  the
102w avelength , RMT M u lt ip le t  number , lo g sYjQ v a lu e  fo r  th e  
Sun ( l o g i s  th e  curve of growth a b s c is s a  and w i l l  be 
d efin ed  l a t e r ) ,  log W \  fo rjßA qr (bo th  W and \  in  angstrom s), 
logyyj o f o rp A q r ,  log W/^ fo r  P la te  292, log^yj Q fo r  P la te  292,
?o
log W/^  fo r  the  mean of a l l  o th e r  measured p la te s  of RY Sag 
v iz .  P la te s  5*+> 102, 111 , 157* 204, (h e re a f te r  r e f e r r e d  to  as 
"mean-RY Sag’1) ,  and lo g -vj  ^ f o r  mean-RY Sag. The reason  fo r  
th e  s e p a ra te  of P la te  292 from th e  mean-RY Sag r e s u l t s  was to  
a s c e r ta in  th e  e f f e c t  of in c re a s in g  th e  h e ig h t of th e  
continuum fo r  P la te  292, and th e  consequences w i l l  be 
exp la ined  l a t e r  as w i l l  th e  d e t a i l s  of th e  lo g Yj0 v a lu e s .
Table A2. T his co n ta in s  d a ta  fo r  th e  w avelength reg io n  
5800-6800 A, for^3A qr and RY Sag. In  o rd er from th e  l e f t ,  
th e  columns c o n ta in , th e  w avelength , RMT m u lt ip le t  number, 
lo g ^ o  fo r  Sun, log W/^  fo rj^ A q r, log f o r^ A q r ,  log  W,\ 
fo r  RY Sag, l o g ^ Q fo r  RY Sag.
Table A3. T his co n ta in s  d a ta  fo r  th e  w avelength reg io n  
^ O O -^ JO  A, for<YBoo, HD 116713 and y V el. The d a ta  i s  
arranged  in  th e  same way as in  th e  two p rev ious ta b le s .
There i s  an e x tra  column fo r  y Vel which a ls o  co n ta in s  a 
log/ij o v a lu e . These two d i f f e r e n t  v a lu es  r e p re s e n t two 
d i f f e r e n t  tem pera tu re  co n d itio n s  fo r  y Vel and w i l l  be 
d isc u sse d  f u l ly  l a t e r .  They w i l l  be r e f e r re d  to  as case (a) 
and case (b) r e s p e c t iv e ly .  Comments have p re v io u s ly  been 
made on th e  r e l i a b i l i t y  o f th e  l in e s  to  be used in  th e  
a n a ly s is  of RY Sag. We now w ish to  in d ic a te  the  q u a l i ty  of 
th e  l in e s  measured in  th e  K s t a r s .  This has been done in  th e  
l a s t  column of th i s  t a b le .  For l in e s  where we es tim a ted  the
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contribution to the strength was greater than 80 per cent, we 
have left a blank. Lines for which the contribution is 
greater than 60 per cent have been classified Mb". Lines to 
which the contribution may be even slightly less than 50 per 
cent, we have classified nbb”. The value of lines marked 
”bbn will be seen in later chapters. They are usually from 
elements for which few lines were available. It is also 
worth noting in this respect, that even badly blended lines 
used in a differential analysis of stars of the same spectral 
type and luminosity, need not necessarily lead to large 
errors, since the effect of blends could cancel out to a 
considerable degree. Discussion of accuracy and reliability 
of results obtained with blended lines, will be made at 
appropriate sections of later chapters.
Table A4. This contains data for the wavelength region 
5300-8800 A, for a. Boo, HD 116713 and y Vel. The data is 
arranged in the same way as in Table A3. It will be noticed 
that, in some wavelength regions no entries are made for 
y Vel, because these regions were not suitably exposed for 
photometry.
Table A5. This contains data for the wavelength region 
68OO-87OO A, for at Boo, and HD 116713* Only log W \ values 
are presented, since curves of growth were not constructed 
from these lines. No infra-red plates were obtained for y Vel.
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There also exist measurements for a number of 
rotational lines and integrated bands of molecules in these 
stars. Since they are few in number and require some 
particular discussion, they will be introduced when they are 
employed in the specific calculations of later chapters.
2.13 Comparison of Spectrophotometry
One of the reasons for choosing06B00 as the standard 
star, in the differential analysis of the barium stars, was 
that a considerable amount of spectrophotometry has been 
done on this star, and hence it offered a good opportunity 
for comparison of our quantitative photometry with that done 
elsewhere. Moreover, no other comparisons of Mt. Stromlo 
coude spectrophotometry have yet been made.
Measurements of lines incxBoo, have been made by 
Wright"*^, van Dijke^^, Koelbloed^^ and Grafton^** and the 
tracing of iXBoo exists in the Hiltner-Williams Photometric 
Atlas of Stellar Spectra. Neither van Dijke nor Gratton 
have published the actual values of the line strengths so 
that direct comparisons cannot be made with their work.
A comparison between all available lines in common with 
Wright shows that systematic differences are small. This is 
demonstrated in Figure 2.35 where our values of log W/^ are 
plotted against those of Wright. The solid line represents 
the one-to-one correlation. The scatter about this line
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appears to be no greater than that experienced elsewhere in 
similar types of comparisons (see for example the comparisons 
made by Koelbloed11~). When we compare our results with 
those of Koelbloed, we find that the scatter is even less, 
but there is a systematic difference, in that our values are 
smaller. This is shown in Figure 2.b. Both of these 
comparisons are consistent with the following facts. Wright 
found that his measures were systematically smaller than 
those from the Hiltner-Williams Atlas, and Koelbloed found 
that his agreed with the latter. Gratton noted that his 
measures were systematically smaller than the Hiltner-Williams 
Atlas and that strong lines were significantly shallower on 
his tracings. Since we have observed the same effects, we 
can say that our measurements are not systematically 
different from those of Wright or Gratton. If we accept 
Koelbloed*s explanation for greater line strengths being 
measured at lower dispersion, i.e. the assessment of 
blending cannot be so good at a lower resolution, we conclude 
that all other measures agree among themselves, but differ 
from those of the Hiltner-Williams Atlas.
Wright y has pointed out that, under more strictly 
controlled conditions than those pertaining to this 
comparison, systematic differences of the order of 10 per 
cent are not unusual. While feeling confident that no
LOG
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catastrophic errors have come into our spectrophotometry, we 
must realise that all these agreeing measures may still 
contain smaller systematic errors which cannot at present be 
avoided in late-type spectra such as these.
It will be seen in a later chapter that this agreement 
of our line strengths with those of Wright, and to a lesser 
extent those of Koelbloed, manifests itself in the 
derivation of similar curve of growth parameters such as 
temperature, microturbulent velocity and damping constant.
CHAPTER 3
ABUNDANCES IN RY SAG
3*1 The T h e o r e t i c a l  Curve o f  Growth
The a p p l i c a t i o n  o f  th e  c u rv e  o f  g row th  to  th e  a n a l y s i s
o f  s t e l l a r  a tm o sp h e re s  was o r i g i n a l l y  p ro p o se d  by M in n a e r t  
1 "16and S lo b  , and h a s  been  u sed  by many w o rk e rs  s i n c e  th e n  i n
d i f f e r e n t  fo rm s . D e t a i l e d  d e s c r i p t i o n s  o f  th e  method have
117 118 n 119been  g iv e n  by A l l e r  ' ,  A m bartsum ian and U nsold  .
A c u rv e  o f  grow th  e x p r e s s e s  t h e  r e l a t i o n s h i p  be tw een  th e
e q u i v a l e n t  w id th ,  W, o f  a l i n e  and N t h e  number o f  atom s
o f  th e  e le m e n t  w hich  a r e  e f f e c t i v e  i n  p ro d u c in g  t h a t  l i n e .
The t h r e e  d i s t i n c t  p a r t s  o f  th e  c u rv e  o f  g row th  a r e :
(1) th e  w e a k - l in e  s e c t i o n  w here W i s  p r o p o r t i o n a l  t o  N
H ere t h e  shape  o f  th e  l i n e  i s  d e te rm in e d  by D o p p le r  b ro a d e n in g  
b u t  th e  e q u i v a l e n t  w id th  i s  in d e p e n d e n t  o f  t h e  th e r m a l  and 
t u r b u l e n t  v e l o c i t y .
(2) t h e  s t r o n g - l i n e  s e c t i o n  w here W v a r i e s  as  N and th e  
l i n e  s h a p e ,  in d e p e n d e n t  o f  th e  v e l o c i t y  f i e l d ,  i s  c o n t r o l l e d  
by f a c t o r s  o t h e r  t h a n  D o p p le r  b ro a d e n in g ,  such  as  r a d i a t i o n
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and collisional damping. Here W is proportional t o T 2 where 
T is the damping constant.
(3) the saturated part of the curve of growth is intermediate 
between the other two sections. Here the relation between W 
and Ne££ is more complicated and is now a function of what is 
termed the microturbulent velocity. In this region the 
central line depth has become almost saturated but extensive 
damping wings have not formed. The microturbulent velocity 
includes the thermal velocity and that part of the non-thermal 
velocity of atoms whose random motions have dimensions less 
than the photon free-path. The effects of the two velocities 
on line formation are indistinguishable. Often, and 
especially in giants and supergiants, the non-thermal 
component is much larger than the thermal, and is assumed to 
be independent of the atomic mass.
Although the interpretation of weak lines is 
independent of any specific model for the atmosphere, the 
inherent advantage is to a large degree offset by the 
inevitable lower accuracy of measurement of weak line 
strengths. However, lines on the saturated portion, although 
more accurately measured, give low accuracy determinations 
of N ££ when read into the flat section of the curve of 
growth where the slope is less. The damping parameter for 
strong lines can be found from the curve of growth, but in
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practice very few lines fall on this part of the curve. In 
late type stars collisional damping, a function of gas 
pressure, usually predominates. Figure 5»3 shows the well 
developed saturated and damping sections of a curve of 
growth, while Figure 5*6 has a better defined weak-line 
section.
There are two principal types of model stellar 
atmosphere for which characteristic curves of growth obtain. 
These are 1. the Schuster-SchwarzschiId model, 2. the 
Milne-Eddington model.
1. The Schuster-SchwarzschiId model assumes that the 
stellar photosphere radiates only a continuous spectrum, and 
that the line absorption spectrum is formed in a discrete 
overlying reversing layer, by a mechanism of line 
absorption, or scattering, or both.
2. The Milne-Eddington model assumes that the continuous 
spectrum and line spectrum are formed in the same regions in 
the stellar atmosphere. Moreover, an exact solution of the 
radiative transfer equation for line formation in such a 
model requires that 1^/k^ (the ratio of line absorption 
coefficient to continuous absorption coefficient) be constant
with varying optical depth.
120Schroeder*s ' comparison of a Milne-Eddington curve 
of growth and an analysis of the spectrum of Procyon based
on a model atmosphere showed that the Milne-Eddington model 
gives a reasonable fit to the more exact analysis. In all 
the following work therefore, a Milne-Eddington model has 
been used.
The theoretical Milne-Eddington curve of growth is
W cobtained by plotting log ^  ^ as ordinate, against log^ as 
abscissa.
W = equivalent width of the line in angstroms 
A = wavelength of the line in angstroms 
c = velocity of light
v = microturbulent velocity
= tl]eff a ° - Neff F* e f 
0 k y k v, m v V
where ot = o the fictitious line absorption coefficient
and k = the continuous absorption coefficient
e = electronic charge, f = the oscillator strength 
for the transition, m = electronic mass, y1 = the frequency 
of the line. N ££ = the number of atoms in the lower level
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of the transition.
In this work we have used Wrubel*s ' theoretical curves 
of growth for the Milne-Eddington model. Wrubel obtained 
these curves by calculating theoretical equivalent widths 
from the formula:
H-c*5
W = j (1 - r ) d X
where r = residual intensity in the line at wavelength \ .
Wrubel used Chandrasekhar's exact solution for r from the 
integrated disk of a star. The expression for r need not be 
given here, but it contains three parameters which must be 
known or assumed for line formation in a stellar atmosphere. 
They are: 6 , the fraction of line radiation which is not 
scattered but which is re-emitted thermally over a range of 
wavelength*, BQ/B^, the ratio of the coefficients giving the 
Planckian function B^(T) as a linear function of optical 
depth Ty in the continuum- B (T) = BQ+B.jTy ; a, the damping 
parameter, which should be constant for a given mean 
atmosphere or at least for all lines of a given element. In 
his published curves Wrubel assumed 6 = 0 ,  and therefore pure 
scattering obtains for all line formation.
By choosing discrete values of BQ/B^ he has obtained a 
family of curves and each family has been further subdivided 
for several discrete values of a. Since there is a unique 
curve of growth for line formation in any mean stellar 
atmosphere, an observed or empirical curve established in 
some way can be converted to the theoretical curve by 
arbitrary shifts along both coordinates.
3.2 The Differential Curve of Growth
An empirical curve of growth is obtained in practice by 
plotting log W/^ against log C7^  where C is a constant for 
the particular group of lines used.
6o
Suppose we have a star A for which the values for a group 
of lines of one element, in a particular stage of ionization, 
are known.
Then^ (A) = N ff(A)8ff y A) -6 9 (A)
but N0ff(A) = N(A) B mJX)') 6 SX from the Boltzmann 
equation.
g = statistical weight of the lower level of the 
transition
B(£KA)) = partition function
N(A) = total'number of atoms in this stage of ionization
9 (A)ex 5o4o
now £ = excitation potential of the lower level.
By using the two equations above for another star B and 
combining all four, it can be readily shown that:
Logyo(B) = log C+log-yo(A)- 
where C is a function of ^  (gj,
and hence is constant for all lines from that particular 
level of ionization, a 0 can be either positive or negative.
u  A
This means that if we readjust the populations of the energy 
levels for differences caused by the difference in 
temperature between the two stars, we can use lines for 
which values are known for the atmosphere of another star. 
This allows the incorporation of lines of different 
excitation into one curve of growth.
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The method implies a knowledge of A and in fact can
be the basis of temperature determinations. This will be 
discussed later.
Now the theoretical curve of growth can be obtained by 
selecting the Wrubel curve which best matches in shape this 
empirical curve. From the above discussion it can be seen 
that logsYj0 can be expanded in the following way: 
log,rj Q = log N+log q+log gf)\-6 f|x-log kyvB(0)+log m c
where N is the total number of atoms per gram of stellar 
material, and q is the fraction of them in this stage of 
ionization. Considering differences in logy  Q for two 
stars A and B we haveloe fff} - £,<“»  *
log k vi(A)v(A)B(A) (1) 
log k',(B)v(B)B(B)
This is the essence of the differential curve of growth
111analysis pioneered by Greenstein . Thus, the method 
eliminates the use of f-values and allows the comparison of 
stars with a standard star such as the Sun.
3*3 Choice of Standard Star
In order to achieve the greatest accuracy in a 
differential curve of growth analysis we have attempted to 
choose a standard star which resembles RY Sag closely in
atmospheric parameters. A comparison of RY Sag with/3 Aqr at
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low dispersion revealed a similarity between the two in the 
iron line spectrum* These plates were obtained by Aller with 
the Cassegrain 3-prism spectrograph on the 30-inch telescope 
and have a dispersion of 39 A/mm at H^. p  Aqr is a secondary 
MKK standard, classified as C-OIb. Since it lies in the 
galactic plane and has a low velocity it seems to be a 
population-I supergiant with abundances not significantly 
different from the Sun.
f3> Aqr (2.9^) is so bright that only a small amount 
of telescope time provided a good coverage of its spectrum 
from ultra-violet to near infra-red. Moreover, a limited
study of ß Aqr at high dispersion has been made by Kraft et
1al ' and this provides a basis for comparison with 
independent work.
3 A  Stellar Curves of Growth in the Blue-Violet Spectrum
It was seen in Section 3*2 that to use log-sy values for
lines from a star of different temperature the Boltzmann
correction v must be applied. A quick check of a 0 with ex “a
respect to the Sun is provided by six colour photometry. In
Table 3.1 are listed the six colour measures of 3^ Aqr, RY Sag
and mean values for G2V stars which we assume represent
measures for the integrated Sun. The measures for ß Aqr are
from Stebbins and Whitford^^, RY Sag from Kron^‘~+. Values
1for G2V come from Wallerstein et al 1 ' who averaged the
m easu re s  o f  S t e b b i n s  and Kron f o r  t h e  G2V s t a r s ,  HR 4 83 ,  
and X S e r .
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TABLE 3.1
S t a r U V B G R I G-R
(3 Aqr +0 .5 6 +0 .1 8 +0 .07 - 0.01 - 0 . 0 5 -O.O9 + 0 .0 4
RY Sag +0 .40 +0 .1 6 +0 .0 6 -O.O6 0 .0 0 + 0 .0 6 -O.06
G2V - 0 .1 7 - 0 .1 2 -O.O3 -0 .0 1 + 0 .04 + 0 .1 4 - 0 . 0 5
Using W a l l e r s t e i n 1 s calibration^ = 0 .80^(G -R )  we 
o b t a i n e d  $ eG2V- ^ j3 A q r  = - 0 . 0 7 .
S i n c e  we a r e  t o  u s e  s o l a r  ^ Q v a l u e s  f rom t h e  c e n t r e  o f  
t h e  s o l a r  d i s k ,  t h e  e f f e c t i v e  t e m p e r a t u r e  f o r  t h e s e  l i n e s  
sh o u ld  be h i g h e r .  A d i f f e r e n c e  o f  0 .0 3  was o b t a i n e d  by 
P a g e l  ^ from c o m p ar iso n s  o f  e x c i t a t i o n  t e m p e r a t u r e s  o f  th e  
c e n t r e  o f  t h e  s o l a r  d i s k  and i n t e g r a t e d  Sun;  i t  a g r e e s  w i t h  
Ab o b t a i n e d  from t h e  l im b  d a r k e n i n g  law. We t h e r e f o r e  
c o n c lu d ed  t h a t  ©e C@) -  {$ Aqr>— 0 . 1 0 .  I f  we assume t h a t
t h i s  d i f f e r e n c e  i n  e f f e c t i v e  t e m p e r a t u r e  i s  t h e  same as  t h e  
d i f f e r e n c e  i n  e x c i t a t i o n  t e m p e r a t u r e ,  a Bo l tzm ann c o r r e c t i o n  
o f  - 0 . 1 0  can  be a p p l i e d  t o  a l l  l o g y Q(@) v a l u e s .
T h is  t r e a t m e n t  i s  a p p r o p r i a t e  f o r  s t a r s  o f  n e a r  n o rm al  
c o m p o s i t i o n  i n  which  t h e  s o u r c e  o f  c o n t i n u o u s  o p a c i t y  i s  t h e  
n e g a t i v e  h y d ro g en  i o n .  I n  su ch  c a s e s  t h e  r e l a t i v e  g r a d i e n t s  
w i l l  be no rm al .  However, i n s p e c t i o n  o f  t h e  s i x  c o l o u r  
m easu re s  o f  RY Sag r e v e a l s  a somewhat abnorm al  g r a d i e n t .
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It is extremely doubtful therefore, whether this method can 
be applied to RY Sag. UBV photometry of RY Sag has yielded 
(B-V) colours which vary between 0.40 and 0.72 within a 
period of one month. Application of the above method gives 
a temperature similar to the integrated Sun. This implied 
correction to log*^0(®) was not applied because of the 
uncertainties involved. The apparent extreme abnormalities 
in abundances strengthen this conclusion.
Empirical curves of growth for a particular ion were 
obtained for pAqr and RY Sag by plotting log W/^  against 
log^o(©)-0.1 £ for the former and logy for the latter. 
All lines of an ion were incorporated into the one curve. 
L°g^0(e) values w®1*® obtained by reading the Utrecht 
measures of log W/\ into the solar curve of growth of 
Goldberg and Pierce (published by Aller^'7). We compiled 
a table, using the IBM 1620 computer, such that any value of 
F, the line strength in Fraunhofers, yielded the 
corresponding value of log^Q(©). Since the abundances and 
levels of ionization for different elements were unknown, 
the curves of growth for different ions were then combined 
into one curve of growth by arbitrary shifts of the 
different curves along the ordinate axis in such a way that 
the resultant curve had a minimum scatter of points about 
the mean.
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We have already mentioned that examination of the 
tracings of RY Sag showed that there could he some 
flexibility in the positioning of the continuum, and that 
the tracing of Plate 292 had the continuum placed higher 
than other tracings. The results for Plate 292 were 
obtained from separate curves of growth whereas mean line 
strengths were used from all other plates in the blue-violet 
region. This is the reason for the columns marked Plate 292 
and mean -RY Sag in Table A1.
No systematic separation of lines of differing 
excitation appeared to be present in any of the curves.
Figures 3*1 to 3*6 inclusive, contain curves of growth 
obtained in the study of the blue and violet spectral
our measured value of log VI/,\ , and the abscissa is the log 
,rjo  from the theoretical Wrubel curve represented by the 
solid line.
The value of Bo/B^ which dictates the particular set of 
Wrubel theoretical curves to be used may be determined in 
the following way. In the formation of the Milne-Eddington
In all cases the ordinate is
model it can be shown that
where k^  = continuous absorption coefficient in the spectral 
region of interest. IE = mean continuous absorption
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coefficient. Tq = boundary temperature of the star and the 
other constants have their usual meanings. Substitution of
for the photographic region,
3.5 Damping Constants and Microturbulence
The curves of growth for both neutral and ionised lines 
indicated a damping constant of log a = -3«0 in both RY Sag 
and ß Aqr.
The microturbulent velocity obtained from the neutral 
lines of Plate 292 and mean-RY Sag was 7*5 km/sec. The 
microturbulent velocity from the ionised lines in both sets 
of data was 10.4 km/sec. Although the accuracy of the 
fitting of the points to a theoretical curve was of the 
order of 0.1 in the log of both coordinates, this difference 
in microturbulent velocity was quite definite.
microturbulent velocity of 5*4 km/sec.
3*6 Determination of Temperature
It was remarked in Section 3.4 that no grouping of lines 
of different excitation potential was evident in any of the 
curves of growth. Thus we can assume that the temperatures 
used are the correct ones, or that the method of moving
Both neutral
6 7
groups of lines of similar excitation, relative to other 
groups of different excitation, does not provide a sensitive 
temperature criterion. We have therefore compared several 
methods which are explained below.
(a) Relative f-Values. If we have the correct values
i 2log /jQ and log -rjQ for two lines of an ion, and if their
1 2  1 excitation potentials are £ and £ it can be seen that log^  Q
- l o g ^ 02 = log r ^ r ^ z  ~ P ex( P  ~ ^ • Hence 9q x  can be found
• g
if the relative f values for the transitions are known.
Using the relative f values for iron lines obtained by 
King and K i n g ^ ^  and Carter we obtained from 22 pairs of 
lines ‘'JQX values for Plate 292 and p Aqr. These values are 
tabulated in column wa” of Table 3*2. Pairing of lines which 
differ greatly in excitation potential was necessary to avoid 
amplification of errors.
(b) Standard Star of Known Excitation Temperature. Consider 
two lines as in the previous method, in two stars A, B. We 
have two relationships similar to the above. Subtraction gives
9  (A)- § X CB) = - log'io
Vo2(B) V ca )/
This method was used for Plate 292, mean-RY Sag and 
p Aqr. The standard star was the centre of the Sun*s disk 
and its mean excitation temperature assumed to be *+900°K.
This temperature comes from the mean of several determinations
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117listed by Aller . The results are listed in column "b" in 
Table 3*2; they were derived from all measured Fe I lines.
TABLE 3.2
a b
Plate 292 1.00 .97
mean-RY Sag .88
(3 Aqr 1.08 1.06
Sun 1.03
3.7 Determination of Ionization Temperature and Electron 
Pressure
The combined Boltzmann and Saha equations can be used 
to express the ratio of the number of atoms in the (i+1)th 
ionization state and jth excitation level, to the number of 
atoms in the i th ionization state and k th excitation level. 
Logarithmically it becomes,
l0g (£i!7ki) = Pe4 l0g Tion-Xl 6ion+ 1°g(^ i ~ ^ ) "
^ex^i+1,3'1,^ (2)
where Pe = electron pressure, T.^  = ionization temperature,
X  = ionization potential of state i.
Consider logs/jo values for lines arising from both of 
these levels in two stars A and B.
Subtraction and insertion of equation (2) gives
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log 1+1,3
(A)
■rj01+1,3
(B)
- log —
1'i,k(B)
K(A)-K(B)-a. + ei+1s.-6.jk)
^ion(A)-?on(B)) - 
(i+1,3“ <ri,k)
where K(A) = -0.48-log Pe(A)+ ^ log T..Qn (A).
If we assume that the difference in ionization temperatures 
between two stars is the same as the difference in
excitation temperatures then the expression becomes 
(A) _ (B)\
= K(A)-K(B)-( 6 „(A)- 6 „(B))log. 1+1,3 (bT ^ TÄ)
°i+1,3 / o i,k /
ion
( X.+ £ . — ,)l i+1,j i,k'
ion
(3)
Neutral and ionised lines were paired so that all available 
lines were used. This meant that some lines of an ion were 
used more than once in order that all the more numerous lines 
from the other ion could be incorporated. 91 pairs of lines 
were used, all of which were given equal weight; they were 
from neutral and singly ionised iron, titanium and chromium. 
We solved by least squares to obtain the two unknowns 
K(A)-K(B) and kj_on(A) - fc|on(B) • comparing both RY Sag and 
(3 Aqr with the Sim we obtained the following results 
K(Sun)-K( Aqr) = -2.26; ^ion^Sun^“ i o n ^ M r ) = -0 *1°
K(Sun)-K(Plate 292) = -1.V5; 6>ion(Sun) - 0 Qn(Plate 292) = 0.0 
K(Sun)-K(mean-RY Sag) = -0.78;fi (Sun)-.# (mean-RY Sag) =+0.1
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U n s o ld ’ s ”5“^ a n a l y s i s  of  t h e  Sun gave ^ Qn(Sun) = O.89 
and K(Sun) = +7 . 3 8 .  T h e r e f o r e  6^ and K f o r  t h e  o t h e r  s t a r s  
was d e te r m in e d  a s  was Pe .  These  r e s u l t s  a r e  l i s t e d  w i th  
o t h e r  d a t a  i n  T a b le  3.3*
TABLE 3 .3
Sun p> A q r P l a t e  292 Mean-RY Sag
I
$ i o n  + - 89 + .99  + .8 9 + .78
K +7 . 3 8 +9 * 6 4  +8 .83 +8 .16
lo g  Pe +1 .5 1 - 0 . 9 5  +0 .07 + 0 .89
lo g  Pg +5 .1 + 2 .3 +2 . 6 6
lo g  a - 3 . 0  - 3 . 0 - 3 . 0
lo g  k -  .30
V
- 2 . 4 2  - 1 .9 1 - 1 . 5 6
3 . 8  Comparison  of I n d e p e n d e n t  R e s u l t s  f o r  ß  Aar.
1 p pK r a f t  e t  a l  d e r i v e d  p a r a m e t e r s  f o r  p  Aqr by c u rv e  of
g rowth  a n a l y s i s . Com parison  w i t h  o u r  r e s u l t s  i s  shown i n  t h e
f o l l o w i n g  t a b l e :
K r a f t  e t  a l D a n z ig e r
£ex 1 . 0 3 1 .08
^ i o n . 9 4 . 9 9
v(krn /sec ) 6 . 2
log  Pe -O.07 - 0 . 9 5
l o g - 1 . 5 5 - 2 . 4 2
log  a - 1 . 8 - 3 . 0
K r a f t  e t  a l  o b t a i n e d  s y s t e m a t i c a l l y  h i g h e r  t e m p e r a t u r e s  and
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therefore higher electron pressures, and a significantly 
higher damping constant. Our damping constant was obtained 
from the fitting of the empirical curve of growth to the 
Wrubel curve and we feel some confidence in the result.
Kraft et al calculated log a from a van der Waal type 
interaction which makes it a function of Pe. Moreover our 
log Pe seems consistent with the trend for supergiant stars. 
This is demonstrated by the value of log Pe obtained by 
Searle^ for £ CMa and by the values for other supergiants 
listed by Kraft et al.
A least squares solution for the probable error in the
^ion( PAqr)_ *ion(RY Sag) gave °*°4; for 'K(RY Sag)
the probable error was 0.40. These are of the usual order
of magnitude for such curve of growth analyses.
It can be seen that the temperature determinations by 
the method of Section 3.7 are in fair agreement with those 
from methods (a) and (b) of Section 3*6* Since more data 
was incorporated into the former method, we have used these 
parameters in the final abundance analysis.
Before proceeding further a check was made for the 
possibility of systematic errors in the adopted curve of 
growth for mean-RY Sag. These curves were drawn and fitted 
to the theoretical curves with the assumption that mean-RY 
Sag had a similar temperature to the centre of the Sun’s disk.
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However our derived spectroscopic temperatures gave 
f (Sun)(mean-RY Sag) =0.11. If we adopt this temperature 
and reconstruct our curves of growth there is a possibility 
that the shape could be different with a consequent change 
in the value of v, log a and ultimately the log/rjQ values. 
This check revealed that, within the errors of fitting, no 
change was incurred and so the original values of log/^Q 
stand.
3*9 Determination of Continuous Opacity
Because the apparent abundance anomalies in RY Sag 
seemed so extreme it did not appear safe to determine 
continuous opacity from the negative hydrogen ion and 
photoionization of neutral hydrogen. We have therefore 
assumed that the iron abundance in RY Sag is the same as in 
the Sun. This means that any abundance comparisons between 
RY Sag and ß Aqr are subject to uncertainty; however, 
relative abundances of different elements in RY Sag compared 
with relative abundances of the same elements in jlAqv are 
not subject to this uncertainty.
Application of equation (1) in Section 3.2 in 
rearranged form, produced the required continuous opacity for
RY Sag. k .(Sun) came from the work of Vitense1^0.V
The same method and assumptions were applied to the
determination of k ((3 Aqr) The results for both stars are
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i n c l u d e d  i n  T a b le  3«3» I t  i s  s a t i s f y i n g  t o  n o t e  t h a t  
k ^  ( p Aq r )  o b t a i n e d  i n  t h e  above manner a g r e e s  c l o s e l y  w i t h  
t h e  v a l u e  lo g  k.; = -2 .4 1  t a k e n  d i r e c t l y  f rom t h e  t a b l e s  o f  
V i t e n s e ^
3*10 The Abundances f rom t h e  V i o l e t  and B lue
Abundances o f  e l e m e n t s  i n  RY Sag r e l a t i v e  t o  t h o s e  i n  
3 Aqr were d e te r m in e d  by u s i n g  e q u a t i o n  (1) i n  S e c t i o n  3*2.
The r e s u l t s  f rom  P l a t e  292 and mean-RY Sag a r e  shown i n  t h e  
f i r s t  p a r t  o f  T a b le  3**+
TABLE 3 . 4
Abundances i n  RY Sag
I o n  log  N ( p l a t e  292) lo g  N(mean-RY Sag) lo g  N ( p l a t e  231)
NC ß  Aqr) N( p  Aqr) N( p A q r )
C I + 1 .92 +1.76 - 0 . 2 + 0 .9 5
N I - - 0 .0 0
0 I - - - 0 . 5 2 1 + 0 •
Na I - - +0.76 t  .1
Mg I - o . 4 o - o . o 4 ± A -
Mg I I - 0 . 2 2 - 0 . 2 7 -  .2 -
Al I - - +0 . 2 0
S i  I - - +0 . 3 3 t  .1
S i  I I - - +0 . 4 7 ± .1
S I +0 . 7 7 + 0 A 2 i  .1 + o . ? 4 -  .1
Ca I - 0 . 3 7 - 0 . 6 0 -  .2 - 0 . 2 3 i .1
Sc I I +0 . 2 2 + 0 .30 i .1 +0.38 -  .2
T i  I +0 . 1? + 0 .3 3 -  .1 +0 .27 i .1
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TABLE 3 A  ( c o n t . )
T i  I I +0 . 2 7 +0.22 -  .1 +0 . 5 2
+ .2
V I +0 . 4 0 +0 . 7 3 -.2 +0 .3 3
+ .2
Cr I - 0 . 0 8 -O.O7 ± .3 -
Cr I I + 0 .3 0 +0 .2 8 -  . 2 -
Mn I + 0 .0 5 - 0.01 ± .1 +0.16
+
.3
Fe I 0 . 0 0 0 .0 0 -  .1 0 .0 0 + .1
Fe I I + 0 .2 3 +0.16 -  .1 +0 . 1 4
+ .1
Ni I - - 0 .0 0 + .1
Zn I - 0 . 2 9 +0.01 -
Y I I - 0 . 5 8 - 0 . 2 7 -
Zr I I + 0 .4 3 +0 . 1+9 -  . 2 -
+Ba I I - 0 . 2 9 - 0 . 7 0
( - 0 . 8 6 )
± .3 - 0 . 3 2 .3
La I I - 0 . 3 7 - 0 . 5 5 -  . 4 +0 . 2 4
+ .1
Ce I I + 0 .26 +0 .26 -  . 2 +0 .23
Sm I I + 0 .3 3 + 0 .4 7 -
Columns c o n t a i n  t h e  i o n ,  and t h e  lo g  ^ C p A q T )^ ' w i t h  t h e  
s t a n d a r d  e r r o r .  T h i s  s t a n d a r d  e r r o r  ( s i m i l a r  f o r  b o th  P l a t e  
292 and mean-RY Sag)  a r i s e s  f rom t h e  s c a t t e r  o f  i n d i v i d u a l  
l i n e  d e t e r m i n a t i o n s  and h e n ce  c a n n o t  t a k e  i n t o  a c c o u n t  any 
s y s t e m a t i c  e r r o r s  o c c u r r i n g  i n  t h e  a n a l y s i s .  Such 
s y s t e m a t i c  e r r o r s  c o u ld  be c au se d  by i n c o r r e c t  d i f f e r e n t i a l  
t e m p e r a t u r e  d e t e r m i n a t i o n s  f o r  l i n e s  o f  d i f f e r e n t  e x c i t a t i o n  
p o t e n t i a l  and s t r a t i f i c a t i o n  e f f e c t s  i n  t h e  a tm o sp h e re .  The 
method o f  d i f f e r e n t i a l  a n a l y s i s  s h o u ld  e n s u r e  t h a t  such
e r r o r s  a r e  m in im is e d .
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Some of the relative abundances deserve comment.
(1) Iron. The relative abundances of neutral iron must 
be 0.0 in the logarithm since we postulate this in order to 
obtain the continuous opacity.
(2) Sulphur. It was noticed that the three S I lines
measured, appeared to be more conspicuous than usual. 
Unfortunately however, they fall in the same wavelength 
region as the (3>2) band of the Swan system of This and
associated bands of C2 are quite prominent in RY Sag; this 
meant that a large blending correction had to be applied to 
obtain the actual strength of the S I lines. Results for 
sulphur therefore, must be of low weight.
(3) Barium. The result presented for barium for 
mean-RY Sag, consists of two entries. The figure in 
brackets is the result obtained by assuming that most barium 
is singly ionised. The other entry represents a more accurate 
estimate since a significant proportion is in fact doubly 
ionised. It is extremely unlikely that any other abundances 
are affected in this way since their second ionization 
potentials are significantly higher.
(b) Yttrium. The result for yttrium is probably much 
closer to 0, since one of the two lines will be badly 
blended in the G-band ofß Aqr. Compensatory blending in RY 
Sag will not take place because the G-band is not present.
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The partition functions for Ba II and Ba III were taken
assumed that the ratios of partition functions for Sm and Ge 
used in this analysis were similar to the mean values of other 
rare earth elements.
3*11 Curves of Growth in the Green and Red Spectral Regions
Inspection of the green and red spectral regions of RY 
Sag revealed a considerably larger number of lines and line 
blending than in a normal star of the same temperature and 
approximate luminosity class.
Only one measurable plate (231) with a dispersion of 
10.2 A/mm was obtained for this region; the density of the 
spectrum on this plate was somewhat less than optimum. 
Therefore, results from this spectral region have lower 
weight than the previous results.
Empirical curves of growth were constructed in the same 
manner as before. Although it may be argued that B /B1 in 
this spectral region is approximately i, we have used 
Bq/B^ _ 1 for both RY Sag and ß Aqr since the constant
differential curve of growth analysis.
Figures 3.7 to 3.8 inclusive, contain curves of growth 
obtained in the study of the red spectral region of RY Sag
117from Aller . All other partition functions, unless
131specifically excepted, were taken from Claas J . It was
will cancel in the
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and p> Aqr. In all cases the ordinate is our measured value 
of log W/\, and the abscissa is the l o g f r o m  the 
theoretical Wrubel curve represented by the solid line.
The values of v and log a for both RY Sag and p Aqr were 
found to be the same as those derived for the violet and blue 
spectral regions.
3.12 Temperature Determinations in the Green and Red
Since this spectral region had fewer reliably measured 
ionised metal lines, we resorted to method (b) in Section 3.6. 
The excitation temperature for RY Sag was found to be the 
same as for Plate 292 and we therefore assumed t^ Qn = O.89.
The excitation temperature for p Aqr was the same here as in 
the violet and blue regions. Thus = 0.99«
3*13 Adopted Values of K, log Pe and k )t
Since we had determined £^ Qn(RY Sag) - (?ori(/3 Aqr) we could 
solve equation (3) in Section 3*7 by using all the available 
data for the neutral and ionised metal lines. In this case 
the equation contained only one unknown K(BY Sag)-K(pAqr) so 
did not require the least squares treatment applied in that 
section. Since K(p Aqr) was known, K(RY Sag) was 
established and hence also log Pe. Parameters for RY Sag and 
(2>Aqr in this spectral region are given in the following 
table.
78
9
^ Aqr RY Sag
^ion +0.99 +0.89
K +9.64 +8.97
log Pe -0.95 -0.0 7
log a -3.0 -3.0
By assuming that the abundance of iron in RY Sag is the
k/RY Sag)
same as in p Aqr, we obtained log ]^( p Aqr) = +0*39. This 
may be compared with the value +0.51 obtained for the violet 
and blue region of the spectrum. The fact that the 
continuous opacity in the violet and blue region is greater 
than in the red region relative to a star in which the 
predominant opacity source is the negative hydrogen ion, may 
point to the real opacity source. Unfortunately, in view of 
the errors involved the effect is marginal but will be 
discussed later with respect to spectrophotometric 
observations of the continuum.
3.1*+ Abundances from the Red Spectral Region
Abundances have been determined in the same way as in 
the violet and blue spectrum. The results with standard 
errors are presented in the second part of Table A
comparison of abundances in the two spectral regions shows 
that elements in common to the two tables are compatible, 
and differences lie within the estimated errors. Some 
individual abundances in the red spectral region merit comment.
(1) Sulphur. Reference to the table of line strengths
shows that the S I 8 multiplet is particularly prominent in
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RY Sag and r e l a t i v e l y  f r e e  o f  l i n e  b l e n d i n g .  U n f o r t u n a t e l y ,  
s i n c e  t h e  e x c i t a t i o n  p o t e n t i a l s  a r e  h i g h ,  7. 83 e V, t h e  
assumed Bol tzm ann  f a c t o r  £ &0 may n o t  be r e p r e s e n t a t i v e  f o r  
t h e  r e g i o n  of  f o r m a t i o n  o f  t h e s e  l i n e s ;  i n  which  c a s e  i t  
c o u ld  l e a d  t o  l a r g e  e r r o r s  i n  t h e  d i f f e r e n t i a l  abundance .
(2)  B a r iu m . T h is  e le m e n t  i s  o v e rw h e lm in g ly  s i n g l y  
i o n i s e d  and t h e  m a j o r i t y  o f  l i n e s  a r i s e  from low en e rg y  
l e v e l s .  One sh o u ld  n o t  t h e r e f o r e  e x p e c t  l a r g e  e r r o r s  from 
i n c o r r e c t l y  assumed e l e c t r o n  p r e s s u r e s ;  nor  can  t h e  
Bol tzm ann  f a c t o r  c r e a t e  l a r g e  e r r o r s .
(3)  S i l i c o n . S i n c e  t h i s  e le m e n t  i s  p r e d o m in a n t ly  s i n g l y  
i o n i s e d ,  t h e  n e u t r a l  l i n e s  (which  a r e  r e l a t i v e l y  weak) w i l l  
be s e n s i t i v e  t o  e r r o r s ' i n  t h e  assumed e l e c t r o n  p r e s s u r e .  On 
t h e  o t h e r  h an d ,  t h e  s i n g l y  i o n i s e d  l i n e s  a r e  c o n s p i c u o u s l y  
s t r o n g ,  b u t  c o u ld  be s u b j e c t  t o  l a r g e  e r r o r s  i n  t h e  
Bol tzm ann  f a c t o r  s i n c e  t h e y  a r i s e  f rom 8 .0 9  e V l e v e l s .
3*15 The Problem o f  L in es  o f  H igh  E x c i t a t i o n  P o t e n t i a l
We have  n o t e d  t h a t  t h e r e  was some d o u b t  a b o u t  t h e  
a c c u r a c y  o f  t h e  abundance  r e s u l t s  o b t a i n e d  from l i n e s  o f  
h i g h  e x c i t a t i o n  p o t e n t i a l .  S i n c e  t h e  r e s u l t s  f o r  S i  I ,
S i  I I  and S I  depend on l i n e s  w i t h  e x c i t a t i o n  p o t e n t i a l s  i n  
t h e  r a n g e  5*5 t o  9 . 0  e V, i t  seemed w o r th w h i l e  t o  o b t a i n  a 
c o m p ar iso n  e lem en t  f o r  which  l i n e s  o f  t h e  same o r d e r  o f  
e x c i t a t i o n  p o t e n t i a l  were  a v a i l a b l e .  The o n ly  l i n e s  a v a i l a b l e
8o
in the red spectrum of RY Sag were five singly ionised lines 
of iron. This was fortunate because all other abundance 
determinations in RY Sag, in effect, have been relative to 
iron.
We have listed these lines with wavelengths, multiplet 
number, excitation potential, log W/^ and log'vj Q f o r  ß Aqr 
and RY Sag in Table 3* 5*  The method of determination of the 
relative abundances-was the same as before. We did not use 
a specific value of for either of the stars since they do 
not enter the final results. The difference in v for neutral 
and ionised lines in RY Sag was incorporated. The following 
results were obtained:
Since the excitation potentials for Si I and Si II 
lines are respectively less than and greater than the 
excitation potentials of the Fe II lines, the real difference 
would be less than that given here. The mean value of -0.09 
should not be too different from the true value.
These results clearly demonstrate the care which is 
required in dealing with lines of high excitation potential. 
This treatment has changed an apparent overabundance into a
from Si I lines
from S I lines
from Si II lines
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normal one. It might he expected that this type of 
treatment would lower the overabundance of carbon, since 
its lines are all of high excitation potential. Unfortunately, 
no suitable lines of iron were available in the blue and 
violet spectrum and the one line in the red spectrum is of 
low weight. It is probably reasonable to say that the 
adopted carbon abundance in RY Sag represents an upper limit.
TABLE 3.5 
Fe II Lines
P Aqr RY Sag
X Mult.No. e log w/x log-y] 0 log W \ l o g ^ (
6 305 .32 200 6 .1 9 - 5 .0 9 - .2 6 - 4 .4 8 .23
6 331 .97 199 6 .1 9 - 5 .0 9 - .2 6 -4 .4 8 .23
6386 .75 203 6 .7 7 - 5 .4 5 - .6 9 - 4 .8 ? - . 3 ^
6446 .43 199 6 .2 0 - 5 .0 5 - .2 1 -4 .6 1 -.03
6487 .43 203 6 .7 8 -5 .5 6 - .8 0 - 4 .8 7 - .3 6
3-16 The Oxygen Abundance
Since the C/0 ratio is of some interest in carbon stars 
we have attempted to obtain a reliable indication of the 
oxygen abundance. It can be seen from the table of line 
strengths that the 0 I 9 and 0 I 10 multiplets are present in 
RY Sag. The abundance determination rests on five lines.
None of the 0 I lines was easily measurable in p  Aqr so a 
comparison was made with the Sun. Because of the large
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difference between the spectral resolution of the solar 
measurements and those of RY Sag appreciable error could be 
incurred. This will probably be no greater than attempting 
to measure these oxygen lines in a solar spectrum at 10 A/mm.
Equivalent widths of solar oxygen lines were taken from
the Utrecht Catalogue**'“^  and Goldberg et al^^. Log/-yo for
these lines was obtained by reading the log W/)\ into the
117Goldberg and Pierce ' curve of growth. Abundances were 
obtained using equation (1) in Section 3*2. The value of v 
for the Sun was taken as 1.9 km/sec from Allen^^. We 
obtained log = -0.51. A check of the equilibrium
constant for the molecule CO at this temperature showed that 
there was no possibility of the formation of CO depleting 
the atomic oxygen supply. In view of the approximations 
involved, it is probably realistic to say that there is no 
evidence for a highly abnormal abundance of oxygen in RY Sag. 
3.17 The Nitrogen Abundance
The high excitation nitrogen lines, with excitation 
potentials of 11.71 e V, being members of the N I 21 and 
N I 22 multiplets, were identified in RY Sag. Only two lines 
were measurable and these are given below.
N I 21
N I 22
X
6468.32 
6484.88
lo%i o 
-0.58
log W/\ 
- 5.21 
- 4.72 0.06
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These lines are not visible in ß Aqr and do not appear in
solar measurements. We have reversed the abundance
determinations to calculate what strength these lines should
have in the Sun if RY Sag has the same abundance as the Sun.
A6468.32 should have log^Q(©) = -1.64 and hence W = 0.5 A.
A6484.88 should have log ^ Q(0) = -1.00 and W = 2 A. Clearly
A6468.32 will not be detectable in the Utrecht Atlas. \ 6484.88
constitutes a marginal case. No certain line is visible in
1 oAthe Utrecht Atlas but the Utrecht Catalogue records a line 
at that wavelength with zero strength. It would seem that
nitrogen is at least as abundant in RY Sag as in the Sun with
the possibility of a slight overabundance.
In summary, it would seem that the nitrogen/oxygen 
ratio in RY Sag may be slightly higher than in the Sun. A 
more definitive test, important in the theory of nucleogenesis, 
should come from the stronger nitrogen lines in the near 
infra-red spectral region.
3.18 The Carbon/Hydrogen Ratio
For this analysis we have used the data from Plates 
292, 231 and have measured the equivalent widths of Hoc on 
Plates 402, 403 and 407.
(a) Hydrogen. The great weakness of the hydrogen lines 
allowed us to assume that the Stark effect had no influence 
on the line broadening. An empirical curve of growth for
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the Balmer lines H(B and H y was constructed by plotting 
log W/^ against log g f \ . The log g f \ values were 
obtained from Allen^^. A vertical shift to the adopted
Wrubel theoretical curve gave v^ = 11.9 km/sec.
2 2 k T . 2Now Vtt = — -—  + v,n nip, t
where = mass of a hydrogen atom.
v^ = the "true” microturbulent velocity excluding the 
thermal component.
In the case of the heavier elements v^v^ because of 
their much lower thermal velocity. Therefore we could 
substitute v from the curves of growth for heavy metals into 
the above equation to determine what should be. Using 
T = 5660°K, we found the theoretical value of v^ = 12.1 
km/sec. This agrees well with our value of 11.9 km/sec 
determined from the shift to the theoretical curve. Log y^JQ 
values for the hydrogen lines were then found in the usual 
way.
It can be shown thats-
log No = (log^0-log g fX ) + log BQ+log vH k^-log C+ 6 ^  (k)
where No e number of neutral hydrogen atoms, 
and C = product of universal constants.
Other symbols have their usual meanings.
85
"5 IfSearle^ has pointed out that the quantity 
(log/yo-log g f/\) should he constant for all Balmer lines if 
there is no Stark broadening. Within the errors of 
observation this was found to be so. Some of this relevant 
data is tabulated in the first part of Table 3.6.
(b) Carbon. A similar relation to the above holds for 
carbon and the data is tabulated in the second part of Table 
3*6.
The f values for the carbon lines were found from the
134tables of Bates and Damgaard These tables allow the
determination of (j-% a constant factor characteristic of an
2array; <j- could be found on the basis of the Coulomb
approximation from the term values of the levels involved.
The formulae for the strengths of multiplets in an array and
1of lines in a multiplet were taken from Goldberg and 
Russell ~ respectively.
The subtraction of the above equation for log No(H) from 
that for log No(C) allowed the determination of 
log = 1.36. The continuous opacity is cancelled out
since both the hydrogen and carbon lines cover the same 
region of spectrum. A correction was applied for the slight 
degree of ionization of carbon in RY Sag. The final log 
jjyyj-r was found to be 1.40.
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TABLE 3.6
X 6 log W/X log-70 
Hydrogen
log g f/\
4340.47 10.15 - 4 .3 3 .36 3.19
4861.33 10.15 -4.13 .83 3.67
6562.82 10.15 -3.96 1.40
Carbon
4 .5 3
4766.62 7 .4 5 -4.08 1 .75 1 .37
4770.00 ,7 -4 5 -3.98 2 .3 8 1.50
4771.72 7 .4 6 -3.99 2 .3 5 2 .0 7
4 7 7 5 .8 7 7 .4 6 -3.98 2 .3 9 1.60
4 8 2 6 .73 7 .4 6 -4 .1 2 1 .57 1.41
4817-33 7 .4 5 - 4 .1 2 1 .5 5 1 .1 9
4 8 1 2 .8 4 7 .4 5 -4 .2 1 1 .19 .71
6 587 -75 8 .5 0 - 4 .2 7 1 .00 2.61
3.19 Molecular Abundances
(a) Cyanogen. A comparison of a tracing of the region of
RY Sag immediately shortward of 3883 A, with the same region
3L-in R Cor Bor published by Searle^ , showed the apparent 
excess absorption to be similar in the two stars. However, 
the difference between RY Sag and p Aqr was not as 
distinctive as the difference between R Cor Bor and J* CMa.
We felt that any attempt to deduce significant abundances 
from the integrated cyanogen band in this wavelength region, 
could not be accurate enough to settle the question of the 
nitrogen abundance.
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(b) Swan bands of C .^ Inspection of the tracings of RY Sag
and ^  Aqr in the wavelength regions 4737? 4715 and 4698 A
revealed considerable depressions in the continuum of the
former star. These are undoubtedly due to the (1,0), (2,1)
and (3,2) bands respectively of the Swan system. A comparison
of tracings of R Cor Bor (see Searle^) and RY Sag in the
region of 4737 A, shows almost identical features in all
respects; the lines in RY Sag appear to be somewhat deeper
than in R Cor Bor. In particular strong absorptions at
4734, 4735) 4738 and 4742 A are common to both stars and were
25 34commented on by Berman and Searle^ . Searle's comment 
that the strong absorption at 4738 A did not appear to be the 
head of the band, seems also appropriate for RY Sag. In 
utilising the integrated band absorption of C2 we have worked 
from the abundance of carbon given by the atomic lines, to 
predict what strength the C^ bands must be.
If we assume that the molecular bands are sufficiently 
weak to fall on the linear part of the curve of growth then 
log W/A = C+log — —
where N ££ = number of molecules capable of forming the band 
and C = constant containing the oscillator strength which is 
independent of the stellar atmosphere conditions. We have 
found C for the solar atmosphere and then used it with the 
data for RY Sag.
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(a) In the Sun:
log p(C)p(H) losf§ -3.28 (see Goldberg et al1~^ )
where p is a partial pressure.
p(H) = 0.9 Pg log Pg = +5.2
Using the molecular equilibrium condition
p(C) p(C) = k (C^) 
p(C2) 2
and assuming 6 = 1.10 for the region of Cp formation: 
log K(C0) = *+.656 (from Pecker and PeuchoP-b
log p(C2) = -.907
p ( c P)
log N(C2) = log 1 + log Kjj
where = number of H atoms/gram of solar material. 
Assuming 0.7 grams of solar material is H 
log N(C2) = 17.564
Application of the following equation
Ä -CTe+n^)hc/kTN(Cps
eff ^ 2) Q Q ,Q^v^el^sym
= vibrational partition function 
= electronic partition function 
i for C(
(5)
v^ 
Qel
'^ sym " * xv',x v2 
(where these quantities are defined by Pecker and Peuchot
and the numerical values given by Herzberg^^) gave
log Np££ (C9)+constant = 17.167.
Here the constant is a function of quantum numbers for the
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electronic transition and is cancelled out later. The 
measured integrated equivalent width of the (0,0) band at 
5l65 A was found to be 0.310 A in the Utrecht Atlas. From 
the relative f-values for the (1,0) and (0,0) systems by 
Phillips”*^, we have taken W for the *+737 A band = 0.100 A. 
Therefore C = -22.1*+.
(b) Conditions in RY Sag. From the equation (4) in Section
3.18 above, we found
log N (H)7 21.09
Combined with 
gave
1.40
w  N(c)lOg TT“
K V
22. *+9 (6)
We have assumed that the main source of electrons in 
RY Sag is from carbon because of its overwhelming abundance. 
This was vindicated in Section 4.2. Application of the
ionization equation gave log No -1.03, but
N1(C) = Ne = number of electrons, and log Pe = +0.07. 
Therefore log p(C) = 1 . 1 0  (7)
The molecular equilibrium equation gave
log p(C0) = -2.45 for 6 = 1.10. Using equations (6) and (7) 
^ N(C0)
we obtained log —,7 = 18.94. Application of equation (5)
k v
gave log Neff C2^ + constant = 18.54. 
k.>
Using C from the solar calculations we obtained
WAlog 7 = C+18.54, where C = -22.14.
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Thus the expected value of W for the (1,0) Swan band in 
RY Sag should be 1.20 A.
We have measured the integrated absorption over a range 
of 7 A below the head of the (1,0) band in RY Sag and p> Aqr. 
Since the molecular absorption in ß Aqr would be small we 
have assumed the excess in RY Sag to represent the molecular 
absorption. The equivalent widths of these measures were 
1•61 and 2.65 A, in the former and latter respectively. 
Calculation of mean blanketing of atomic lines in the two 
stars showed an excess in RY Sag by 0.12 in the logarithm.
Finally, the molecular absorption in RY Sag was found 
to be 0.92 A. The agreement between the observed and 
expected values of the band strengths is good. In fact, 
saturation effects in the curve of growth in RY Sag, would 
tend to bring them even closer together. This gives some 
confidence that the abundance of carbon found, from the atomic 
lines represents reality.
3.20 The C 12/C13 Ratio
A comparison of the tracings of RY Sag and p Aqr in the
region of the (1,0) band of at 4 7 ^ * 7  A showed no
evidence whatsoever for a detectable amount of additional
absorption in RY Sag. In fact, any determination of
molecular absorption by subtraction of atomic lines as in 
12 12the case of C C would probably lead to a negative
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12 12.quantity. Therefore we must conclude that the C /C J ratio 
is probably high though no limit could be set.
3.21 The Infra-red Spectrum of RY Sag
Two infra-red plates of RY Sag were obtained to enable 
us to reach more definite conclusions concerning abundances 
of important elements. Neither of these plates were suitable 
for accurate photometry and our evidence came from visual 
inspection.
(a) Oxygen. The strength of the 0 I 1 lines at 7771*96, 
777^ *18 and 7775*^0 A and the 0 I 4 lines around 8M+6.5 A, 
compared to the same ones in ß Aqr suggested that the 
relative abundance was not fundamentally different from that 
obtained in the red spectral region. (See Plate 2.1)
(b) Nitrogen. A comparison was made of the N I 1 lines at 
8680.24 and 8683.38 A. There was no suggestion of a marked 
enhancement of these line strengths in RY Sag. For both of 
these elements the lack of knowledge of their relative 
temperatures does not allow a more precise estimate from these 
plates. These results suggest that the abundances from the 
red spectral region remain well established.
(c) Potassium. A comparison of the strengths of the K I 1 
line at 7698.98 A showed that there is no significant 
difference in the abundance of potassium in the two stars.
(See Plate 2.1)
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(d) Carbon. The C I 10 line at 8335.19 A was considerably 
enhanced in RY Sag, in conformity with the overabundance of 
this element.
3.22 Lithium
It is worth mentioning finally that a broad line giving
the appearance of a close blended doublet was measured to
have a wavelength of 6707.80 A on Plate 231. The only known
7identification could be the Li' isotope doublet whose mean 
wavelength would be almost exactly that given above. If it 
is caused by lithium, the equivalent width of 12*+ mA means 
that lithium in RY Sag has an overabundance relative to the 
Sun of >60 times. This figure was derived by assuming that 
the lines fall on the linear portions of their respective 
curves of growth, and that the strength of the doublet in 
the Sun is 1.5 mA. Such a conclusion requires caution 
since a number of other lines remain unidentified. We shall 
not attempt to interpret this necessarily low weight 
observation.
CHAPTER 4
INTERPRETATION AND CONCLUSION
4.1 Abundance Comparisons in RY Sag and R Cor Bor
The final adopted abundances for all elements discussed 
in Chapter 3? are presented in Table 4.1. These abundances 
are the mean of results from Plate 292, mean-RY Sag, Plate 
231, and the visual inspection of the two infra-red spectral 
Plates 420 and 663. In addition to this table, other 
information which defines the composition of RY Sag includes 
the carbon-to-hydrogen ratio, which is 25/1, and the C /C J 
ratio, less definite, but significantly higher than the 
ratios (4/1 to 10/1) found for the "normal" carbon stars.
TABLE 4.1
Final Abundances in RY Sag 
(Log ~ )
C + 1.5
N 0.0
0 -  0.6
Na + 0.7
Mg - 0.2
A1 +0.1
Si - 0.2
S +0.1
K 0.0
Ca - 0.5
Sc +0.2
Ti + 0.2
V + 0.4
Cr 0.0
Mn 0.0
Fe 0.0
Ni - 0.1
Zn
Y
Zr
Ba
La
Ce
Sm
RE
-  0.2
- 0.5
+ 0.4
- 0.5
- 0.3
+ 0.2
+ 0.3
0.0
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9*t
■3 kComparison with Table 3 of Searle^ shows a remarkable 
similarity between the abundances of those elements common 
to both stars. In particular, calcium shows the same degree 
of underabundance. Whether this degree of underabundance is 
no greater than the errors of the determination is difficult 
to judge. Certainly it appears that these underabundances 
are real if we accept the errors derived from the scatter of 
the individual contributing lines.
The carbon abundance in RY Sag is slightly higher but 
within the probable errors. We have used C I lines at 
longer wavelengths in the blue spectral region, and these we 
judged to be less blended than those in the violet spectral 
region.
There is a significant difference in the 
carbon-to-hydrogen ratio in the two stars. Most of this 
difference arises from our use of different log g f X values 
for the hydrogen lines. If our values were used in Searle's 
data the carbon-to-hydrogen ratios would be very similar.
Inspection of the table of line strengths shows that 
the vanadium abundance was determined from lines which fall 
in a heavily blanketed region of the spectra where large 
errors were possible in the positioning of the continuum.
We have been conservative about interpreting the results for 
this element as a real abundance difference.
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Sodium is of interest in these stars but this abundance 
has not been determined in R Cor Bor. The same remark applies 
to silicon and sulphur.
The similarity between the two stars extends to the 
rare earth abundances where it appears that they are, in 
both cases, normal.
4.2 Composition and Mass of RY Sag
The abundances adopted from Section 4.1 allowed us to 
determine further information concerning the content of 
RY Sag. We have assumed that ß Aqr has identical abundances 
to the Sun. Hence X = O.63, Y = 0.34 and Z = 0.03, where X,
Y and Z are the hydrogen, helium and metal fractional
04contents by weight (following SearleJ ). Of this metal content 
in the Sun the contribution from carbon is approximately 10 
per cent. These assumed figures then gave X = 0.0003,
Y = O.87 and Z = 0.13 for RY Sag. Now, the mass of carbon 
constitutes 80 per cent of the mass of the metals. This 
helium content was derived under the following assumptions:
(a) Consideration of the hydrogen and metal content 
(including carbon) showed that a considerable proportion of 
the mass of the star must consist of spectroscopically 
undetectable elements. The only reasonable choice seemed to 
be helium, (b) These individual abundances and the 
composition depend on the fact that the iron content per
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gram is the same in RY Sag as in the Sun. If the iron 
content were low then the carbon content would be lower by 
the same amount, since the C/Fe ratio is fixed. Hence a 
greater mass of RY Sag would consist of helium. On the 
other hand it can be seen that an enormous and unreasonable 
overabundance of iron and other elements would be required 
to make the mass of carbon predominate over helium.
We must therefore conclude, as Searle has done for 
R Cor Bor, that RY Sag is, in effect, a cool helium star 
with a large overabundance of carbon.
With the above composition of RY Sag we have been able 
to calculate the gas pressure Pg from the electron pressure 
and the following equations.
Ne l i where NÄ = total number of atoms per unit volume
No ~ 2 ~ N ~
of stellar material. = number of atoms of element i per
unit volume, x. = fraction of the U. atoms ionised.l l
Pg _ No+Ne 
Pe Ne
The calculations showed that most of the free electrons in 
RY Sag must come from carbon. Log Pg was found to be +2.66.
By assuming that the parameters already established 
for RY Sag and the Sun represent conditions at a certain 
optical depth which is the same in both stars we could assume
P- k
I (see Unsold11 .g
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To determine the mass of RY Sag we obtained the
following formula.
/77KRY Sag) 
log /^(e) , Pe (RY Sae) , . . kV(RY Sag) log Pg(0) + log k y(0) +
M(0)-M(RY Sag) . , Te(RY 3ag) 
2.5 ' 4log Te(0)
where^= mass, M = absolute bolometric magnitude.
By assuming that Mv(RY Sag) = -5.0 (the value for W
Mensae found by Feast) we obtained(^t(RY Sag) = 0• 9>feC©)
This probably represents a lower limit to the mass since
Pg (RY Sag), in the hydrostatic equilibrium equation, would
be enhanced by the effect of turbulent motions supporting
the atmosphere. It is not surprising that such quantities
for RY Sag and R Cor Bor are very similar since their curve
of growth parameters are very close.
We shall return to a further discussion of the mass when
we have obtained more data on the atmospheric turbulence.
4.3 The Source of Continuous Opacity
Since RY Sag is so similar to R Cor Bor one would
expect that Searle*s conclusions concerning the source of
continuous opacity in R Cor Bor would apply here also. The
application of the equation from Section 3*18 allowed the
determination of the stellar opacity per hydrogen atom. 
k VThis was log =“21.1. Comparison of this quantity with
the continuous opacity of H per hydrogen atom in RY Sag = 
-24.7, and the continuous opacity of H (by photoionization)
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per hydrogen atom in RY Sag = -25.2 (Aller*^^), shows that
some other source of opacity must be present. The
contribution of the negative carbon ion, C , was examined
since accurate photo-detachment cross-sections for G have
11f obeen published by Seman and Branscomb . These measures 
were determined experimentally and cover the wavelength 
region 0.4 to 2 . 6 .  We have used the form of the Saha
Thus, it appears that Searle’s suggestion of 
photoionization of neutral carbon is the most acceptable for 
RY Sag also. The atmospheric opacity per neutral carbon 
atom was found to be -22.5 (equation (6) Section 3*19) 
which agrees with that obtained for R Cor Bor. The 
similarity of the atmospheric conditions in the two stars 
ensures that the theoretical calculation will be the same 
for both.
Optical verification of this predicted opacity source 
must come from studies of the continuous spectrum of RY Sag 
by means of spectrophotometry. There are two methods 
available.
1. Calculation of the wavelengths which would cause 
photoionization from the discrete energy states of neutral 
carbon. At these wavelengths a jump in the spectrum would
equation given by Branscomb
-25.5.
obtain a value of
be expected. Quantitatively the magnitude of these jumps 
depends on the population of the energy level and the 
photoionization cross-section at that wavelength. We have 
calculated wavelengths of expected jumps in the range 
^000-6000 A from the energy level tables of carbon (see
1 k l  3EMoore ). Scanner tracings of RY Sag were available. 
Inspection of these revealed that there was little 
possibility of detecting such discontinuities owing to the 
extreme line blanketing effects in RY Sag.
2. Knowledge of the wavelength dependence of the 
continuous absorption coefficient of neutral carbon would 
allow the construction of a model atmosphere for RY Sag if 
we made an assumption about the abundance of carbon per gram 
of stellar material. From this model we could predict 
fluxes of continuous radiation at different wavelengths and 
compare with the observed fluxes from scanner tracings.
This method would require elaborate line blanketing 
corrections, but offers some hope. It was intended to 
complete this analysis as part of this study. Unfortunately 
reliable photoionization cross-sections do not exist for 
neutral carbon and the approximation to a hydrogenic atom
i I am indebted to Professor L. H. Aller, Dr D. J. Faulkner 
and Dr K. Henize for making these scanner tracings available
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used by Searle would be unsatisfactory. Mme F. Praderie at 
the Paris Observatory is at present computing photoionization 
cross-sections and it is hoped to complete this 
investigation when these results become available.
4 • 4 Line Doubling and Line Profiles
ilt-pGreenstein has pointed out that on some occasions 
the D lines of sodium in the spectrum of RY Sag are double, 
with velocity displacements up to 1?0 km/sec, while other 
lines of ionised metals are doubled by approximately 40 to 
50 km/sec. An inspection of our plates of the red region, 
taken at maximum light, showed no evidence of line doubling. 
Only one plate of the violet and blue spectral region, 
taken at maximum light showed this effect. This was on 
Plate 102 where the doubling predominated for ionised lines 
and was of the order of 20 km/sec. This displacement came 
from the measurement of 12 strong lines of Fe II, Ti II,
Sc II and Ba II where the doubling was resolved. Many 
other strong lines of ionised elements and even neutral lines 
(e.g. the Fe I 41 multiplet) had broadened pfofUes. There 
were no obvious examples of weak lines which were doubled.
The lack of a sufficient number of unblended lines prevented 
fitting these observations into an ordered behaviour pattern.
During the period February to May 1963, RY Sag dropped 
in brightness to a minimum of 8.6 m and fluctuated between
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7.0 and 8.6wv (Lumley^^). A plate of the spectral region 
of the D lines of sodium revealed no abnormal line doubling. 
Although the dispersion was 20 A/mm, the effective 
resolution was low as a wide slit and narrow spectrum was 
necessary. This plate was taken when*? was 7*5. Another 
plate was obtained at w = 8.2, with the Nebular Spectrograph 
at the Newtonian focus of the 7*+n reflector. The dispersion 
was 140 A/mm, which was sufficient to demonstrate the 
absence of emission lines but not to show possible line 
doubling effects. The Swan bands of C2 were prominent in 
this spectrum.
Since RY Sag has shown large fluctuations in light 
output and line doubling, we felt that it would be of 
interest to determine the scale of mass motions within its 
atmosphere. We have therefore measured the profile of the 
Fe II 38 line at 4508.28 A on several plates and attempted 
to fit a theoretical profile to it. The computation of a 
line profile in the assumed Milne-Eddington atmosphere 
required the knowledge of the damping parameter, log a, the 
curve of growth abscissa, log^ , the microturbulent 
velocity v, the parameter, Bo/B.j, and the ratio of 
absorption to absorption plus scattering,6 . We have 
assumed that pure scattering obtains, for which 6 = 0 .
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The theoretical profile was computed with the programme
1 klj. ateof Bell and Rodgers . The above parameters were taken 
from our curve of growth analysis. The ’’rotational*’ 
broadening by Unsold*s 7 method and the instrumental 
broadening were done numerically in the computer. 
Instrumental broadening corrections were ascertained by 
microphotometering neighbouring comparison lines of argon, 
and assuming that their finite widths were caused by the 
spectrograph and microphotometer. The width of the 
measured argon line at half intensity was 0.203 A. In this 
work we have interpreted the stellar line broadening
1*+5mechanism as macroturbulence. Hence we have followed Abt
who showed that if the radially directed macroturbulent
velocities had a Gaussian distribution, the ’’rotational”
broadening could be interpreted as a macroturbulent
2broadening with a most probable velocity = ^ v sin i.
This method was only applicable to profiles which were 
symmetrical and which appeared to have the characteristic 
shape of a stellar line. For Plates 292 and 157> we have 
used the averaged measurements of the two halves of the
3E I am indebted to Drs Rodgers and Bell who made this 
programme available and used their time to run it on the 
IBM 1620 computer. The programme is based on an outline 
provided by M. H. Wrubel.
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profile which was microphotometered to have a scale on the 
trace of 0.123 A/inch. The macroturbulent velocities, 
obtained from the best match of theoretical and measured 
profiles under the assumptions discussed above were 21 and 
20 km/sec respectively. The measured and theoretical 
profiles from Plate 292 are shown in Figure 4.1; the solid 
line represents the theoretical profile, points represent 
the measured profile. The profile from Plate 204 shows 
extreme distortion, which suggests unresolved line doubling, 
or at least a non-Gaussian distribution of macroturbulent 
velocities.
The fact that the line doubling displacement is of the 
same order as the macroturbulent velocity suggests that it 
is correct to assign the line broadening to macroturbulence 
and not rotation. We can now return to the discussion of 
the masses of these stars.
By using the equation in Section 4.2 and the data for 
p Aqr from Table 3«3> and Searle's data for  ^CMa, we have 
determined the masses of these two stars relative to the Sun. 
Under the assumption that p> Aqr and % CMa have intrinsic 
absolute visual magnitudes of -4.5 and -6.5 respectively (in 
keeping with their luminosity classifications), the derived 
masses were 0.09 and 0.66 times the solar mass respectively. 
On the basis of current knowledge of stellar evolution it
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would be v i r t u a l l y  i m p o s s i b l e  t o  a rg u e  t h a t  t h e s e  masses a r e
1 L{_6
c o r r e c t .  I n d e e d ,  F i g u r e  5 g iv e n  by K r a f t  i n d i c a t e s
t h a t  p  Aqr would h ave  a mass e q u a l  t o  10 s o l a r  masses  and
^ CMa 20 s o l a r  m as se s .  To a r r i v e  a t  t h e s e  masses  one c o u ld
r e p l a c e  Pg by a k i n e t i c  p r e s s u r e  which  i s  a f u n c t i o n  o f  t h e
s c a l e  o f  t h e  t u r b u l e n c e  i n  t h e  s t e l l a r  a tm o s p h e r e .  T h is
1 4 7
method was u sed  by S c h w a r z s c h i l d  e t  a l  ' t o  o b t a i n  g r a v i t i e s  
f o r  ^ A q l .  S i n c e  t h i s  method sh o u ld  be u se d  f o r  t h e s e  two 
s u p e r g i a n t s  i t  would a p p e a r  r e a s o n a b l e  t o  do t h e  same f o r  
RY S ag .  A c o m p ar iso n  o f  t h e  m i c r o t u r b u l e n t  v e l o c i t i e s  of  
Aqr (T a b le  3 «3) and % CMa ( S e a r l e - ^ )  w i t h  RY Sag (T ab le  
3 . 3 ) ?  and m a c r o t u r b u l e n t  v e l o c i t i e s  o f  ß  Aqr ( B e l l  and 
R o d g e r s a n d  £ CMa (Huang and S t r u v e " ' ^ )  w i th  RY Sag ( t h i s  
s e c t i o n ) , r e v e a l s  t h a t  i n  a l l  c a s e s  t h o s e  o f  RY Sag a r e  e q u a l  
t o  o r  exceed  t h o s e  o f  t h e  o t h e r  two s t a r s .  I n  s h o r t ,  a  
c o r r e c t i o n  t o  Pg t o  a l l o w  f o r  t u r b u l e n c e  would r e s u l t  i n  a 
mass f o r  RY Sag g r e a t e r  t h a n  20 s o l a r  masses  -  a r e s u l t  which  
makes d o u b t f u l  t h e  c o n c l u s i o n  from S e c t i o n  ^f.2.
A p a r t  from t h e  above c o n c l u s i o h s ,  t h e r e  i s  e v id e n c e  from 
t h e  d i f f e r e n c e  i n  m i c r o t u r b u l e n t  v e l o c i t i e s  f o r  n e u t r a l  and 
i o n i s e d  l i n e s ,  from t h e  l i n e  d o u b l i n g ,  and from t h e  l e s s  
p ronounced  l i n e  b r o a d e n in g  and d i s t o r t i o n ,  t h a t  RY Sag has  a 
v e r y  d i s t u r b e d  a tm o sp h e re  i n  which  d i f f e r e n t i a l  s t r e a m  
m o t io n s  and s t r a t i f i c a t i o n  sometimes o c c u r .  I t s  a tm o sp h e re
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in these respects is no different in behaviour from other 
supergiant quasi-stable atmospheres.
4.5 Nuclear Reaction and Evolution
The abnormal abundances of some elements in RY Sag may 
be interpreted as indicators of nuclear processes which 
have proceeded or are proceeding in RY Sag.
(a) Helium and Carbon. The huge overabundance of these
two elements indicates that the Salpeter reaction of helium
12burning has produced the overabundance of C . The evidence 
that hydrogen burning has played little part in the
1 *3evolution is provided by the low abundance of C J and the
14-near normal abundance of N . If the CN cycle was
significant it would tend to build up higher abundances of
52both these isotopes (see Burbidge et aly ).
(b) Sodium. The problem of sodium is slightly more
52complicated. Burbidge et al have given two methods by which
22the abundance of Na ~ could be built up. The first is the
NeNa cycle for hydrogen burning, which requires the presence 
20of Ne as a catalyst.
Ne20(p,jf)Na21(p+ V+)Ne21(p,y)Na22( p >^ .)Ne22(p, j)Na23(p,«.)Ne20 
This reaction chain depends on a plentiful supply of 
protons which are probably not available in RY Sag.
22The second method is the slow neutron capture by Ne 
which requires a supply of neutrons. Neutron producing
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"1 *2 1 Areactions at reasonable temperatures, C and
21 °bNe (öt,n)Mg require a high flux of protons. Moreover, 
there is little evidence of overabundance of rare earth 
elements produced by the s-process in RY Sag.
QOA third method which comes from the work of Cameron' ,
CM llfOReeves and Salpeter'' , and Hayashi et al , is carbon
burning which produces Mg'"*4’, Na'--'', Mg"~, Ne"^ and 0^.
1 ^0Reeves J more recently has shown that the nuclear reaction
rates indicate that the most abundant products in decreasing
20 29 2border would be Ne , Na , Mg ' with the remainder less
20 29abundant still. Furthermore, Ne ' and Na  ^predominate to
such an extent that a detectable increase in their
abundance does not necessarily mean a detectable increase 
oh 1 kin Mgc' ’ or 0 . This may be the means by which the anomalous
abundances in RY Sag are built up.
20We therefore must predict that Ne will be overabundant 
in RY Sag. This cannot be checked because the excitation 
energy for the lowest level Ne I lines is > 16 e V. Emission 
lines of Ne I would be worth searching for in the spectrum 
of RY Sag (or R Cor Bor) when the star approaches minimum 
light. The conditions in this "chromosphere" phase could be
such as to produce high excitation lines. It is worth
1 1noting that Merrill and Greenstein have reported Ne I 
absorption lines of abnormal strength in V  Sag, an Ao type
107
helium star. There is little quantitative detail on the 
abundances of carbon and sodium in this star, although the 
N/C ratio is higher than the solar value. This may be an 
example of a star in which C has been converted to N by 
hydrogen burning, and to Ne by carbon burning.
There are virtually no computations of evolutionary 
tracks of stars which give any clues concerning the past 
history of RY Sag. There are three ways in which it could 
achieve its present evolutionary status.
(a) It has condensed out of an almost pure helium cloud, and 
has evolved in a manner which this condition imposes. The 
only evolutionary tracks for helium stars define a hot 
subdwarf sequence and do not approach the region of R Cor 
Bor stars. (b) The ancestor of RY Sag has burnt all its 
hydrogen so that only the products of this and later 
reactions are visible. (c) RY Sag has previously thrown off 
its hydrogen envelope, leaving the interior of different 
composition exposed.
The process (c) is favoured by Searle, who suggested 
that R Cor Bor represented a later stage in the evolution 
of the nucleus of a planetary nebula. However, there is no 
evidence that a shell of expanding gas surrounds any such 
star. The similarity in space distribution need not mean a 
genetic relationship, particularly when the known number of
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R Cor Bor stars is so small. Furthermore, if the mass 
determinations can be trusted, they suggest that these are a 
group of stars of high mass and therefore presumably young. 
b.6 Conclusion
At present there is some contradictory evidence on 
masses of stars such as RY Sag which will not be easy to 
resolve. The most promising seems to be a more reliable 
determination of space distribution which can only come with 
the identification of more members of this class. 
Identification of such stars in galactic clusters would 
limit the evolutionary possibilities.
We have already mentioned the work that can be done 
when the star varies, particularly when emission lines appear 
Any high excitation phase may confirm the presence of 
elements not able to be detected in an absorption spectrum.
Lastly, the identification of more lines (there are 
more in these stars than in normal stars) in the absorption 
spectrum may contribute to more detailed ideas of 
nucleogenesis. This in turn might suggest ways in which 
such stars could evolve. Clearly, stellar evolution is not 
yet sufficiently advanced to offer more detailed explanations
CHAPTER 5
ABUNDANCES IN THE BARIUM STARS
5.1 The Method
The differential curve of growth procedure has been 
employed again in these analyses. It seemed appropriate to 
employ the Wrubel theoretical curves calculated for the 
Milne-Eddington model for pure scattering. In these stars 
individual rotational lines of molecules as well as 
integrated vibrational bands were also available, and so 
molecular abundance determinations were possible - the 
former allowing the more exact curve of growth treatment.
5.2 The Choice of Standard Comparison Star
The greatest advantage comes from using a standard star 
for which parameters have already been determined.
We have seen that several studies ofctBoo have been 
made at high dispersion. Among these are the work of 
Wright”*^, Koelbloed^^ and Gratton^*4. The first has 
determined 0 and v, and the second b , 0. , log Pe and
v. The last has used Koelbloed*s parameters to make a 
detailed and accurate estimation of the abundances of many 
elements in the star. As a result of this analysis it was
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seen that<^Boo is a metal deficient giant star; this is in 
keeping with its high space velocity and the fact that it 
had previously been classified as type K2IIIp in the MKK 
system. The classification p arose from the noticeable 
weakness of the G-band compared with normal spectral types.
We considered that the advantages named above, together with 
its extreme brightness, outweighed the disadvantages of its 
peculiarities. Since both HD 1 16713 and y Vel have been 
classified as KOIII stars, with some unavoidable flexibility 
in this classification because of their peculiarities, it 
was hoped that^CBoo might simulate at least some of the 
atmospheric conditions in these two barium stars.
In this analysis the different spectral regions were 
treated independently to provide a check on the consistency 
and reliability of the differential curve of growth analyses. 
5.3 Stellar Curves of Growth in the Blue and Violet 
Spectral Regions
4 a O
From the work of Wright we assumed that 
f (0CBOO) - f (0) = 0.39. A curve of growth was constructed6X 6X
for^CBoo by plotting log W/^  against log^Q(©)-0.39 ( for 
all available Fe I lines. Log^/o(0) was obtained by the 
method described in Section 3*^* A well defined curve was 
obtained in which there appeared to be no systematic 
grouping of lines of different excitation potential. This
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empirical curve was fitted to the Wrubel theoretical curve 
for which Bo/B^ = ^ (calculated in the same way as in 
Section 3.4), and log a = -3*0. The vertical shift of this 
curve gave v = 3*8 km/sec. These parameters are in good
1 OP 1 1 ”3agreement with the results of Wright and Koelbloed .
By reading in log W/^ we obtained log ^ o(<x.Boo) for all lines.
It was then possible to determine an excitation 
temperature which represented our data more closely. We 
have already seen from Section 3*2 that if we consider all 
the neutral iron lines the following relationship will hold:
log '>j0(®)-log '*J0(oCBoo)^  ( f?x(0)- ex^Boo)) £ ^
i.e. there is a linear relation between log (u'g00  ^ and £ , 
the excitation potential. The gradient is a A . By using 
all the Fe I lines common to both stars we solved by least 
squares to obtain the best value of A$ex = -0.43. This is 
in excellent agreement with the value of -0.44 obtained by 
Koelbloed. By using Ti I and V I lines also, we obtained a 
final mean value of -0.42.
It was then necessary to replot log W ^  forcXBoo against 
log ^ Q(0) -0.42 £ to see whether the first curve would be 
altered in shape. We found that within the errors of fitting 
to the theoretical curve, neither v nor log a were changed. 
Thus the original log njo(cCBoo) values remained valid.
112
We were then able to employ the method used by 
Greenstein , of plotting log W/^ for the programme stars 
against log r/Q for the comparison star. Since both HD 116713 
and y Vel had been classified KOIII, we applied no Boltzmann 
correction A 6 ^  to log->J0(o6Boo) values.
Curves of growth for the Fe I lines in both stars were 
obtained in the usual way. The values of v and log a were 
determined and then 0 (^CBoo)-t (star) by the method 
outlined above. We obtained 9 (pCBoo)- 0 (HD 116713) = +0.11©X ©X
and b (<^ Boo)- 0 (y Vel) = +0.11. This required a recon-ex ex
struction of the curves of growth for both stars with 
l°g^o(*Boo)+0.m as abscissa. In the case of HD 116713 
the revised curve was not changed so that all parameters 
derived previously, including remained the same. The©X
situation with y Vel was more doubtful since there appeared
to be a somewhat uncertain fit to any particular theoretical
curve, including the previous one. We therefore assumed that
the previously determined parameters remained unchanged.
5 •b Temperature Determinations from Photometry
UBV measurements of the three stars were available. The
(B-V) colours indicated that 0 (o6Boo)>0 (HD 116713) > 0'(y Vel).© © ©
There was little hope, however, that accurate blanketing 
corrections could be applied to put the temperature 
differentials on a quantitative basis.
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1 52After these curves of growth were drawn Dr Westerlund
measured u,v,b,y magnitudes (StrSmgren^ :>~>) and R, I magnitudes
(Kron and Smith y ) for the three stars. The results are
plotted in Figure 5.1. The magnitudes are normalised at
1 = 0 .  The colour of most interest is R-I. Since the
effective wavelengths of R and I are 6800 and 8250 A
respectively, they should be free of serious line blanketing
effects, and hence make reliable temperature indicators.
Figure 5«1 confirms that the temperature differences are in
the direction indicated by the (B-V) colours.
There are three methods available for calibrating
a(R-I) in terms ofa 6 .e
1 551. Kron et al have given R, I measures for a large number 
of stars which have been classified in the MKK system. Effect­
ive temperatures for MKK types have been given by Keenan and 
Morgan J . The calibration of (R-I) was achieved by plotting 
(R-I) against for all late type stars available in the 
above list. The scatter from the best straight line through 
the points leaves considerable doubt about the correct 
gradient in any restricted region of effective temperature.
This could be due to inaccurate effective temperatures and 
spectral types.
2. More recently, Johnson’s ^ ^  revision of the effective 
temperature scale for MKK types from infra-red colours, has
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increased the effective temperatures in late type stars. We 
have plotted the (R-I) colours against these revised values 
of ß  . The results are shown in Figure 5.2. The scatter 
from the adopted straight line can be seen to be small and 
this should provide accurate temperature differentials for 
our stars. From this calibration we have obtained:
9 («Boo)-6 (HD 116713) = +0.12 and 
Q U  Boo)-0(y Vel) = +0.22.
3. Dr Pagel^°~ has calibrated a d Q against A (R-I) from a 
knowledge of the effective wavelengths of the R and I 
magnitudes, by using Wienfs approximation of Planck1s black 
body radiation formula. He has kindly made this available. 
The result is
A 6q = 1.23 A (R-I). This yields 
0 («Boo)-6 (HD 116713) = +0.10 and 
9 C*Boo) - 9 ( y Vel) = +0.19.
From the two independent determinations of differential 
temperatures we have assumed for all subsequent work the 
following values:
d. (otBoo)- 0(HD 116713) = +0.11 and 
l9 GjCBoo)-0(y Vel) = +0.20.
We have also assumed that a 0 = , an assumptione ion ex7 ^
used by many workers, and more justifiable for stars of 
similar spectral type and luminosity.
1 1?
S i n c e ,  i n  t h e  c a s e  o f  HD 1167135 our  f i n a l  t e m p e r a t u r e  
d i f f e r e n t i a l  AB  = 0 . 11 , was t h e  same as  t h e  one u sed  i n  
c o n s t r u c t i n g  t h e  c u rv e  o f  g ro w th ,  t h a t  c u rv e  and h e n ce  
w i l l  be f i n a l .  However,  t h e  c u rv e  o f  g rowth  f o r  y V e l  was 
r e c o n s t r u c t e d  w i t h  a b s c i s s a  lo g  ^ q (<*Boo) +0 .20  6 . The r e s u l t  
was a c o n s i d e r a b l e  change  i n  t h e  p a r a m e t e r s  f rom t h e  c u rv e  
o f  g row th  f o r  y V e l .  B  (tABoo) - ( 9  (y  V el)  was recom puted  by
0 A  ö  J \ .
l e a s t  s q u a r e s  and found  t o  be +0 . 2 1 , i n  e x c e l l e n t  ag re em e n t  
w i t h  t h e  p h o t o m e t r i c  r e s u l t s .
We have  c a r r i e d  o u t  t h e  co m p le te  abundance  d e t e r m i n a t i o n s  
f o r  b o t h  t e m p e r a t u r e  c o n d i t i o n s  i n  y Vel  t o  s e e  what e f f e c t  
an  e r r o r  o f  t h i s  m ag n i tu d e  i n  a ß  would h a v e .  Hence ,  t h e r e  
a r e  two e n t r i e s  f o r  lo g  f o r  y V e l  i n  T a b le s  A3 and A*+.
The f i r s t  ( a )  r e p r e s e n t s  a9= 0.11 and t h e  second  (b) A 0  = 0 .2 0  
C l e a r l y  t h e  second  e n t r y  r e p r e s e n t s  more r e a l i s t i c  r e s u l t s .
A l l  t h e  c u rv e  o f  g rowth  d a t a  d e r i v e d  so  f a r  i s  
p r e s e n t e d  i n  T a b le  5 . 1 .  The rows i n  t h i s  t a b l e  a r e  
s e l f - e x p l a n a t o r y .  Once a g a i n  t h e r e  a r e  two co lum ns ,  ( a )  and 
(b)  f o r  y V e l .  d ex  and Pj_on v a l u e s  a r e  p r e s e n t e d  on t h e  
b a s i s  o f  f?e x (0)  = 1 .03  ( f rom  A l l e r ^ ^ )  and ^ Qn(0) = O. 89
n 1 0Q
( f ro m  Unsold  7) .  I t  i s  w o r th  n o t i n g  a g a i n  how ever ,  t h a t  t h e  
abundance  d e t e r m i n a t i o n s  do n o t  depend on t h e s e  a b s o l u t e  
d e t e r m i n a t i o n s ,  b u t  r a t h e r  on t h e  d i f f e r e n t i a l s  a l r e a d y  
d e t e r m i n e d .  The p h o t o m e t r i c  d a t a  has  a l s o  been  i n c l u d e d  i n  
t h i s  t a b l e .
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5•5 Comments on the Accuracy in Establishing Representative 
Curves of Growth
Clearly, the problem of temperature determinations in 
y Vel arose because the linear section of the curve of 
grovrth was not well established with a sufficient number of 
weak lines. Also, an unambiguous theoretical curve could 
not be fitted by moving groups of lines of different 
excitation because low excitation lines fell towards the 
damping section and higher excitation lines towards the weak 
line end. Thus it became difficult to establish the 
Boltzmann correction £, which best represented the data.
W A
In this study, we have obtained our differential 
excitation temperatures by successive approximations. This 
method has been applied to a high degree of accuracy by 
Pagel1-^ . In the case of HD 116713 the result was 
successful and involved only two steps because the first 
assumed temperature was not too different from the final 
one. However, because the first temperature assumed for 
y Vel was so different from the true one, the method did 
not converge to the correct result. Only the introduction 
of photometric temperatures allowed the correct solution 
to be made.
The fact that the final temperature differentials 
obtained from infra-red photometry and from the spectrum
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a g r e e d  so w e l l ,  p o i n t e d  t o  t h e  im p o r ta n c e  o f  h a v in g  t h i s  
p h o t o m e t r i c  i n f o r m a t i o n  b e f o r e  d raw ing  t h e  c u rv e s  of  growth .  
We were a l s o  f o r t u n a t e  t h a t  i n t e r s t e l l a r  r e d d e n in g  of  t h e  
c o l o u r s  f o r  t h e s e  s t a r s  was n e g l i g i b l e .
TABLE 5.1
6ex
06 B o o HD 116713 y  V e l  ( a ) y  V el  (b)
1 .4 5 1 .3 4 1 .3 4 1 .2 5
h o n 1.31 1 .20 1 .2 0 1.11
v (km /sec ) 3 .8 v . 3 3 .0 3 .3
lo g  a - 3 . 0 “ 3 .0 “ 3.V - 3 . 0
l o g  Pe - 1 .2 9 -  .5 7 -  .96 -  .16
l o g  k ^ - 2 .3 8 - 1 .83 - 2 .2 0 - 1 .50
( R - I ) + .452 + .368 + .294 + .2 9 4
( B - V ) +1 .2 1 4 +1 .1 1 7 + -933 + .933
F i g u r e s  5*3 to 5.5 i n c l u s i v e ,  c o n t a i n  c u rv e s  of  growth  
o b t a i n e d  i n  t h e  s t u d y  o f  t h e s e  t h r e e  s t a r s  i n  t h e  b l u e  and 
v i o l e t  s p e c t r a l  r e g i o n .  D e t a i l s  a r e  g iv e n  i n  t h e  c a p t i o n s  
o f  each  f i g u r e .  I n  a l l  c a s e s  t h e  o r d i n a t e  i s  our  m easured  
v a l u e  o f  log  W/^ , and t h e  a b s c i s s a  i s  t h e  l o g vj ^  from t h e  
t h e o r e t i c a l  Wrubel c u rv e  r e p r e s e n t e d  by t h e  s o l i d  l i n e .
I t  w i l l  be n o t i c e d  t h a t  t h e  s c a t t e r  o f  t h e  p o i n t s  a b o u t  
t h e  a d o p te d  t h e o r e t i c a l  c u rv e  i s  l e s s  f o r  HD 116713 and 
y V e l  t h a n  foroCBoo. T h is  i s  m a in ly  b e c a u se  i n  t h e  f i r s t  
two c u r v e s , t h e  s c a t t e r  from b l e n d i n g  i n  i n d i v i d u a l  l i n e s  
t e n d s  t o  be n e g a t e d  by t h e  i n f l u e n c e  of  b l e n d i n g  i n  t h e
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a d o p te d  lo g  <njo v a l u e s  f r o m ^ B o o .  T h is  e f f e c t  sh o u ld  be more 
p ronounced  when t h e  programme and co m p ar iso n  s t a r  a r e  o f  t h e  
same s p e c t r a l  t y p e  and l u m i n o s i t y ,  s i n c e  t h e  d e g r e e  of  
b l e n d i n g  f o r  t h e  two s t a r s  would be s i m i l a r .
5 .6  D e t e r m i n a t i o n  o f  (9j_on and lo g  Pe.
U n f o r t u n a t e l y ,  t h e  v a l u e s  o f  ß and lo g  Pe were
1 1 9o b t a i n e d  by K o e lb lo e d  J f o r  o^Boo u n d e r  d i f f e r e n t  a s su m p t io n s
t o  t h e  ones we have  u se d  i n  t h i s  a n a l y s i s .  He has  used
fl  (0 )  = 0 . 9 5  and lo g  P e (0 )  = + 0 .9 5  as opposed t o  our  v a l u e s
g iv e n  i n  T a b le  3*3* To d e r i v e  fi ((*3°°) and lo g  P e ^ B o o ) ,
he h a s  assumed t h a t  t h e  abundances  o f  e le m e n t s  i n ^ B o o  a r e
th e  same as  i n  t h e  Sun.  T h is  we now know t o  be i n c o r r e c t
11**from t h e  work of  G r a t t o n  . T h e r e f o r e ,  i n s t e a d  of 
a t t e m p t i n g  t o  a s s e s s  t h e  e r r o r s  i n v o lv e d  i n  t h i s  method we 
have  c o n t i n u e d  t o  assume f  U B o o ) -  l. U B oo) = +0.1** ( t h i s
0 .X. -L D l l
same a s s u m p t io n  was a l s o  u se d  f o r  HD 116713 and y V e l ) , and 
have  d e te r m in e d  lo g  Pe r e l a t i v e  t o  t h e  Sun from our  d a t a .
I t  i s  w o r th  n o t i n g  a g a i n  h e r e  t h a t  i n  t h e  f i n a l  
d i f f e r e n t i a l  abundance  a n a l y s e s  o n ly  a lo g  Pe e n t e r s  t h e  
e q u a t i o n s  so t h a t  t h e  e r r o r s  i n  abundances  i n c u r r e d  from 
e r r o r s  i n  log  Pe s h o u l d  be s m a l l .
We have  a p p l i e d  e q u a t i o n  (3)  i n  S e c t i o n  3*7 f o r  t h e  
Fe l i n e s  i n  t h e  Sun andoCBoo, where  K(<x'Boo) i s  t h e  o n ly  
unknown. K(Sun) i s  l i s t e d  i n  T a b le  3*3* We o b t a i n e d
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log Pe(ocBoo) = -1.29. These results f or oc Boo were then used 
with the above equation to obtain log Pe for HD 116713 and 
y Vel. Since there were a reasonable number of Ti I and 
Ti II lines, we used these as well as Fe I and Fe II lines 
and averaged the results which were in good agreement. The 
final adopted ß Qn and log Pe values are presented in Table
5.1.
5.7 Determination of the Continuous Opacity
1 90Vitense J has published tables for small temperaturekintervals in which the two variables are log p— and 
wavelength. Since a free parameter is the electron pressure 
Pe we did not require a prior knowledge of the stellar 
composition. We have extracted our continuous opacities from 
this source, assuming a mean wavelength in the blue and 
violet region of ^700 A. An advantage of these opacities is 
that they contain a contribution from Rayleigh scattering 
which, though small, is just beginning to be noticeable.
The assumed opacities are given in Table 5.1.
5.8 Abundances from the Blue and Violet Spectrum 
Abundances relative to<XBoo were obtained for HD 116713
and y Vel by application of equation (1) in Section 3*2. For 
these stars it was assumed that the partition functions of 
an element were the same. The Saha equation required
2 ^1  -j o -jlog and these values were taken from Claas J . The
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partition functions for W I and W II were assumed to be the 
statistical weights of the ground state of the respective
ikiion. This information came from Moore
TABLE 5.2
Abundances from Blue-Violet
Element log N(HD 1 1 6 7 1 3 ) log N(y Vel) (a) log N(y Vel) 
N(^Bo o) NfctBoo) N(ABoo)
(b)
Na I + •75 to'.1 + 1 . 0 6 + 1 . 1 1 to> . 2
Mg I + •37 + . 2 + . 2 8 + .43 + • 3
Ca I + •36 + . 1 + .65 + •71 + . 1
Sc II + .36 + . 2 + .13 + .51 + . 1
Ti I + .27 + .1 + .43 + .76 + . 1
Ti II + •37 + . 1 + . 6 0 + . 8 9 + .1
v :E + • 38 + . 1 + .25 + . 6 2 + .1
V II + . 6 0 - -
Cr I + .46 + .1 + .64 + • CO vn + .1
Cr II + .54 + .2 + . 6 1 + . 8 1 + .2
Mn I + .34 + .1 + .46 + .72 + . 1
Fe I + .32 + .1 + .33 + • 15 + . 1
Fe II + .22 + . 1 + .34 + . 6 3 + . 1
Co I + .29 + . 1 + .20 + . 6 1 + . 1
Ni I + • 39 + .1 + .35 + . 6 1 + .1
Zn I + .40 + .2 + .31 + .54 + . 1
Ge I + . 2 6 - -
Sr I + • 6 3 + .2 + . 9 0 + 1 .17 + . 1
Y :I + 1 .24 + .2 + 1 . 3 8 + 1 .88
Y II + 1 . 1 7 + . 1 + .91 + 1 .29 + . 1
Zr I + 1 .19 + .1 + . 9 9 + 1 .47 + . 1
Zr II + .91 + . 1 + .58 + .94 + . 1
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TABLE 5 .2  ( c o n t . )
Nb I I + .57 - -
Mo I + .6 5 t  . 2 + .71 + 1 .1 4 -.2
Ru I +1 .13 ± . 3 + . 75 + 1 .25 -.2
Ba I I +1 .46 ± . 4 +1 .4 5 +1 .56 i  . 4
La I I +1 .30 -  . 2 + . 9 9 + 1 .49 i  .1
Ce I I + 1 .20 1 .1 + . 9 4 +1.41 -.1
Pr I I + 1 .7 4 -  . 2 + .82 + 1.26 -  . 2
Nd I I + 1 .02 i  .1 + . 67 +1.21 i  .1
Sm I I + 1.06 ± .1 + .62 +1 .19 -  .1
Eu I I + .5 4 + . 9 5 + 1 .12
Gd I I +1.16 -  . 2 + . 83 + 1 .3 5 i .1
W I +1 .36 + . 83 +1.43
F i n a l  abundances  a r e  p r e s e n t e d  i n  T a b le  5 . 2 .  The f i r s t  
column c o n t a i n s  t h e  i o n ,  s e co n ic o lu m n  lo g  ^^'n^ "Boo^'"'^ ^' arL(^  
t h e  e r r o r ,  t h i r d  column lo g  c a se  ( a ) ,  and t h e  l a s t
column lo g  n'^ 'Boo)~^  c a s e  (b)  and t h e  e r r o r .  Once a g a i n  t h e  
e r r o r s  i n c l u d e d  h e r e  a r e  t h o s e  o b t a i n e d  from t h e  s c a t t e r  of 
t h e  abundance  d e t e r m i n a t i o n  from i n d i v i d u a l  l i n e s .  They do 
n o t  t a k e  i n t o  a c c o u n t  any s y s t e m a t i c  e r r o r s  i n  t e m p e r a t u r e ,  
e l e c t r o n  p r e s s u r e  o r  c o n t i n u o u s  o p a c i t y .
Comparison  o f  c a s e  (a )  and c a s e  (b) f o r  y V e l  shows t h a t  
an u n d e r e s t i m a t i o n  o f  t h e  t e m p e r a t u r e  (by 0 .0 9  i n  9 ) r e s u l t s  
i n  u n d e r e s t i m a t i o n  o f  t h e  abundances  by 0 . 3 5  i n  t h e
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logarithm. This agrees in direction with the result one 
would empirically expect.
5.9 Curves of Growth in the Green and Red Spectral Region
Since the temperatures which were derived for the blue 
and violet region were so firmly based on both spectroscopic 
and photometric measurements, it seemed worthwhile to retain 
those values for this spectral region. The curves of growth 
were drawn with the appropriate Boltzmann correction applied 
to l o g ^ Q(^Boo) values.
The empirical curves were fitted to the Wrubel 
theoretical curves in the usual way. We calculated 
Bo/B^ = for this spectral region, and obtained these
theoretical curves by interpolating between the curves for
1 2 121 Bo/B^ = — and Bo/B^ = in the manner described by Wrubel
The values of v obtained by the vertical shift were
systematically lower in this region than in the blue and
violet region, for the three stars. One reason might be
that the measured line strengths were systematically weaker
because of the lower resolution of these plates. There is
also less blending in the green and red regions. No attempt
was made to force fit the curves with the same v as the
blue-violet region, since it was proposed to obtain the final
results for the two spectral regions independently of each
other.
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Figures 5.6 to 5.8, inclusive, contain curves of growth 
obtained in the study of these three stars in the green and 
red spectral region. Details are given in the captions of 
each figure. In all cases the ordinate is our measured value 
of log W/^ , and the abscissa is the l o g f r o m  the 
theoretical Wrubel curve represented by the solid line.
5.10 Adopted Parameters from the Curves of Growth in the 
Green and Red Spectral Regions 
As we noted previously, we have used for the green and 
red spectral region the same values of 5 , flQn and log Pe
as are listed in Table 5.1 for the blue-violet region. In 
Table 5*3 we have listed the adopted values of v, log a and 
log k . Values for k^were taken from Vitense1-0 , for which 
we assumed a mean wavelength of 6000 A.
TABLE 5.3
cL Boo HD 116713 y Vel
v (km/sec) 3.0 3.0 2.7
log a -3.0 -3.0 -3.0
log k
y -2.29 -1.71
-1.46
5.11 Abundance Determinations in the Green and Red Spectral 
Regions
Differential abundances were obtained in the usual way, 
by the application of equation (1) in Section 3*2« Again we

V*
8
I

assumed t h e  p a r t i t i o n  f u n c t i o n s  o f  an e le m e n t  were t h e  same 
f o r  a l l  s t a r s .  The r e s u l t s  a r e  p r e s e n t e d  i n  T a b le  5 .4 .  
l ° g  ' yJ 0 v a l u e s  f o r  t h i s  r e g i o n  a r e  g iv e n  i n  T a b le  A4. Case 
(a )  abundances  were  n o t  c a l c u l a t e d  s i n c e  t h e  r e s u l t  seemed 
w e l l  e s t a b l i s h e d  i n  t h e  b l u e - v i o l e t  r e g i o n .
The r e s u l t s  f rom t h e  g r e e n  and r e d  s p e c t r a l  r e g i o n  of  
y V e l  must be g i v e n  low w e ig h t  because  most  o f  t h e  l i n e s  come 
from one p l a t e  on which  t h e  d e n s i t y  o f  t h e  sp e c t ru m  was l e s s  
t h a n  t h e  optimum f o r  p h o to m e t ry .  No o t h e r  p l a t e s  were 
a v a i l a b l e .
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TABLE 5 . 4
Abundances from Green and Red S n e c t r a l  Regions
E lement l o e  N(HD 116719) 
NCiXBoo)
lo g  N( 
NC
v Vel)  
(XBoo)
Na I + .76 ± 0 . 2 + . 62 ±0.1
Mg I + .22 ± .2 + .2 0
Al I + .2 5 -  .11
S i  I + . 3 8 -  .1 + .1 2 ± .1
S i  I I + .32 i  .1 -
Ca I + .45 t  .1 + .61 -.1
Sc I + .4 5 i  .1 -  .12
Sc I I + . 49 t  .1 + . 2 5 ± .1
T i  I + . 38 ± .1 + .41 -  .1
T i  I I + .29 ± .2 + .11
V I + .36 -  .1 + .1 7 ± .1
Cr I + .51 1 .1 + .5 7 ± .2
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TABLE 5 A ( c o n t . )
Cr I I + .86
+ .2 -
Mn I + .28
+ .1 + .28
+ .2
Fe I + .38
+ .1 + .42
+ .1
Fe I I + .27
+ .1 + .1 9
+ .1
Co I + A l + . 1 + .20
+ .1
Ni I + .44
+ .1 + . 3 4
+ .1
Cu I + .62 + .91
Zn I + .82 + .08
Sr I +1.11 + A o
Y ][ + 1 A 2 + .1 +1 .11
Y I I + 1 .08 + .2 -
Zr I + 1 .29 + .1 + 1 .11
+ .1
Zr I I + . 95
+ .2 + .25
Mo I + 1.28 -
Ba I + 1 .36 + .83
Ba I I + 1.71
+ .1 + 1 .17
+ . 1
La I + .92 + .1 + . 66 + .1
La I I + 1 A 5 + .1 + .98
Ce I I + 1 .35
+ .2 + 1 .01 + .2
Pr I I + 1 .13
+ .2 + .78 + .3
Nd I I + 1 . 24 + .2 + .58
Sm I I + . 73 + . 4 4
Eu II + .76 + .32
Gd I I + 1 .17 -
Yb I + .72 -
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5.12 The Near Infra-red Spectrum of HD 116712
One plate each of HD 116713 andpcBoo, covering the 
wavelength range 6600-8750 A, was obtained. A selection of 
lines common to both spectra was identified and their 
equivalent widths measured. In Table A5 only log W\ values 
are given. Values of l o g Q were not determined because 
reliable curves of growth for this region could not be 
established from the low accuracy line intensities that are 
to be expected at 20 A/mm. Moreover, most of the lines are 
from elements whose abundances have been determined with 
reasonable accuracy, from the spectra at shorter wavelengths. 
There are, however, several features in this region which 
deserve comment.
(a) Calcium. Visual inspection of the plates and 
intensity tracings, reveals a considerable difference in 
strength of the Ca II^ lines, between the two stars. The 
wavelengths of these very strong lines are 8498.02, 8542.09 
and 8662.14 A. It can be seen from Table A5 that they are 
very much weaker in HD 116713 than ino6Boo. Whereas in^OBoo 
there is practically zero residual intensity at the centre 
of the 8542.09 A line, in HD 116713 the residual intensity 
is approximately 43 per cent of the neighbouring continuum. 
Relative line strengths may be compared visually in Plate 
2.2.
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By assuming that these lines in both stars fall on the 
damping section of their respective curves of growth, and 
by accepting the relative abundance of Ca found from the 
blue-violet and green-red regions, we have calculated the 
difference in the continuous opacities of the two stars in 
this region.
By assuming W K (— r---)
K V
(where "P is the damping parameter and the other symbols have 
their usual meaning),
and log a(^Boo) = log a(HD 116713) = -3*0,
we obtained the following equation
M HD 116713) N (HD 11671^0loS — v“rriwTS—  = l°gk (0CB00) N(oCBoo) 2 log
0(HD 116713)
q(<XBoo)
W(HD 116713)
W(öcBoo)
log + 0.11 £
where q’s are the proportion of all Ca atoms in the singly 
ionised state.
By employing the three Ca II lines we obtained
k / H D  116713) .
log k ■(* Boo)---  = +1-09 -0.07 s.e.
This should be compared with the expected value of
k/HD 116713) ‘ -no
log '"k'UBÖo')--- = +0-55 from Vitense •
If we assume that this weakening of the Ca II lines is
in fact due to an increased continuous opacity in this region
of the spectrum, it is not easy to predict what the opacity
source could be. Weight is given to the concept of an
unidentified continuous opacity source by the weakening of
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all other lines found in the atmosphere of HD 116713 in this 
same spectral region (see Table A5). This does not happen 
in our spectra covering shorter wavelength regions. Another 
noticeable difference between the two spectra is the obvious 
unevenness of the continuum of HD 116713* There is an 
impression of many weak lines or bands destroying what should 
be a relatively smoother continuum observed inocBoo.
(b) Potassium. A comparison of the resonance line of
K I at 7698.98 A in the two stars and with neighbouring Fe I 
lines reveals that potassium is probably not significantly 
different in differential abundance from iron.
(c) Rubidium. Two resonance lines of Rb I exist at 
79V7.60 and 7800.23 A. The feature at 78OO.23 A is 
noticeably enhanced in HD 116713* Evidence for the 
enhancement of a line at 79^7*60 A is less well established 
because of blending from a line at a slightly longer 
wavelength. However, there still remains the impression of 
a strengthened line in HD 116713 at this wavelength. These 
were the only lines of Rb which were available for an 
abundance determination. By assuming they fell on the linear 
part of the curve of growth we obtained log ^^^(^Boo)"^' = 
+1.0 which may even be a lower limit, if the continuous 
opacity source in HD 116713 is greater than from the negative 
hydrogen ion alone.
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(d) Lead. A line of Pb I should be present at 7228.97 A. 
Unfortunately, this wavelength is covered by a line of 
terrestial H^O in<?tBoo. Because of the significantly 
different Doppler shift in HD 116713? this wavelength falls 
between two water vapour lines. There is a moderately strong 
line or blend of at least two lines near this wavelength.
One of the components must be the Fe I 267 line at 7228.70 A. 
Consideration of other Fe I lines of similar excitation in 
the vicinity, led us to conclude that another line in the 
blend, at a slightly longer wavelength, was contributing at 
least 30 per cent to the total blend strength.
Thus there is some slight positive evidence that this 
line is due to lead being enhanced in HD 116713« If the 
abundance of lead in^Boo follows the same trend as all 
other elements, this line could not have the strength we 
suspect it has in HD 116713« More definite confirmation of 
this suspicion would come from an infra-red spectrum of 
HD 116713 with a dispersion of 10 A/mm in conjunction with 
a similar spectrum of a normal star. The latter would 
require the correct Doppler shift to obviate the obscuring 
lines of Ho0.
(e) Caesium. A resonance line of Cs I falls at 
8521.10 A. Comparison of HD 116713 and06B00 showed that 
there is an enhanced feature in the former at this wavelength.
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However, it was remarked earlier that a considerable amount 
of irregularity distorted the continuum in HD 116713 and it 
would not be wise to draw conclusions from this evidence, 
especially when the line is so weak. No other Cs lines were 
accessible.
5.13 Molecular Abundances
Molecular data in the barium stars came in two forms
for which different types of analysis were necessary. For
the CH molecule and the violet band of the CN molecule
individual rotational lines were resolvable. For the C2
molecule and the red system of CN only integrated bands were
measurable. In this molecular abundance analysis we have
made a solution for two different conditions. In one, we
have assumed that molecular line formation takes place in
the same region of the stellar atmosphere as the atomic line
formation. This means we could assume the same conditions
of temperature and pressure, as we have already applied to
the atomic spectrum. In the other case, we have assumed
that molecular line formation predominates at very small
optical depths in the stellar atmosphere. This is in accord
1 58 1 5 9with the observations of Hunaerts y , de Jager and Neven ' , 
and Newkirk*'0 .^
Hunaerts has obtained an excitation temperature of 
*+500oK from the rotational lines of CN, CH and C2  in the
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Utrecht Atlas. This temperature is somewhat lower than that 
obtained from atomic lines. De Jager and Neven have 
calculated partial pressures of CH and CN and concluded that, 
since the observations of Keenan showed a maximum strength 
of these molecules in giants at G9III, the temperature 
prevailing for molecule formation at an optical depth 0.2, 
must be 3900°K. This was based on Kuiper!s effective 
temperature scale which gave Tg for G9III stars equal to 
*+325°K. The effective temperature scale has since been 
revised upwards by Johnson”* ° .^
Newkirk has also concluded, from the study of CO in 
the Sun, that this molecule predominates at smaller optical 
depths.
In our second study, we have followed the work of Aller
16*3and Greenstein and assumed that the molecule formation 
predominates at the boundary temperature Tq of the star. The 
exact solution of the equation of radiative transfer gives
] i  q  h.T ( x ) = r T ('b+qC't')) where T = effective temperature of the
l~ 0  Ö
star and
q(o) = 3“2
Therefore T = T /1.233.o e ^
In this work we have taken no account of the effect of 
line blanketing on the above relations. We have assumed 
^ion = ^e* Errors from these approximations should not be 
great in this differential analysis.
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5• 1*+ The CH Molecule
(a) Theory. The equation of molecular equilibrium
p(C) p(H) = K(CH) 
p(CH)
and the identity p(C) _ N(C) 
pT chT ~ N(CH)
give
log N(C) = log K(CH)+log N(CH)-log p(H) (1)
From the curve of growth we have observed log^ Q for a 
rotational line of CH.) (2)iog^/o = log D
Neff(CH
kyv
where N „^(CH) is the number of CH molecules effective in 
producing the line.
D is a constant containing the oscillator strength of the 
line and universal constants.
For molecules in thermodynamic equilibrium we have
-(T +n^+BJ(J+1)) hc/kT
Neff(CH) = K<CH>e (3)Qel Qrot Qvib Qsym
1 17where following Pecker and Peuchot
electronic partition function = D(2^+1) (2A+1) e”Te ^C//^«el
^vib vibrational partition function (1_e-*hc/kTr 1
h c BQt,0 .^ = rotational partition function
Q = 1.^sym 117Symbols are defined by Pecker and Peuchot ~>(. Combining 
equations (1), (2) and (3)5 and taking differences between 
two stars we obtained
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-Mic/kT^
The temperature-independent terms have cancelled. Quantities 
in square brackets are differences between the two stars 
considered. The last three terms should be small but we have 
included them for the sake of completeness.
The partial pressure of hydrogen p(H) in these stars is 
essentially the gas pressure Pg. Pg could be calculated 
from the temperature, electron pressure and chemical 
composition of the atmosphere. However,since the free 
electrons in the atmospheres of these stars must come from 
the metals it can be assumed that
where A = hydrogen-to-metal ratio.
This relationship holds when the temperature of the two stars 
being compared is the same. Inspection of the results of
temperature. We have therefore used Aller*s tables to apply 
a correction for the differences in temperature between
cLBoo, and the programme stars, HD 116713 and y Vel. This 
correction is a slowly varying function of log Pe so a 
reasonable estimate of its magnitude, in the second, lower 
temperature, case (where log Pe was unknown), as well as in 
the first, could be made. We have used Aller*s computations
Aller1o1 showed that log increases with decreasing
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for log A = *+.13 and have assumed that this correction does 
not depend on the value of log A at these low temperatures. 
This was verified by comparison of Tables 2(A) and 2(B) of 
Aller.
The final equation used, was:
flog N(C)J =jlog K(CH)j -[log a] - [ log Pe] +[c.[j+ [log kyv^0] +
;'k^ j(n^hc+BJ(J+1)hc) + [jLog t] - jlog (1-e_u,hc/kT)J 
From Tables 5.2 and 5.*+ we assumed from the results for 
light metals only,
flog a] for HD 116713 and oC Boo to be -0.39 and 
| log a J for y Vel and 0CB00 to be -0.45.
We also estimated from the approximate formula for the 
absorption coefficient of H , a correction C2 , such that 
I log k^ .j, for the higher temperature case, could be replaced 
by j^l°g k^j+C2 ) for the lower temperature case. This 
correction was small.
The CH lines used in this analysis are presented in 
Table 5*5 with the line strengths log W/^ and l o g 0 values. 
These lines have been selected, on the basis of freedom from
blending, from the lists used by Aller and Greenstein 
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by Pagel The determination of the effective continuum
for these lines was made difficult because of the extreme line 
blanketing in the region of the G-band; we hoped to reduce 
such errors by the method of differential analysis.
13?
TABLE ? . ?
0C Boo HD 116713 y V e i (b)
CH
- l o g log^o - l o g  W/x l o s7o - l o g  W/„\ loz%
4 3 4 8 .3 4 4 .7 6 0.  ?2 4.41 1 .37 4.  62 1 .02
V313.63 4 . 4 4 1 .4 7 4 . 1 7 2 .8 0 4.41 1 .96
4 2 9 3 .1 2 4 . 3 9 1 .70 4 . 1 0 3 .2 7 ^ .31 2 .6 7
4 2 8 1 .9 7 4 . 4 9 1 .27 4 . 2 4 2 .2 7 4 .4 6 1 .6 5
4 2 6 7 .3 9 4 .5 6 1.01 M 3 1 .75 4 . 4 4 1 .76
4 2 4 9 .6 4 4 . 3 2 2 .1 2 4 . 1 2 3 .1 2 M i 2 .6 5
4 2 2 4 .8 6 4 . 3 6 1 .8 7 4 . 3 2 1 .77 4 .4 6 1 .62
4 2 2 3 .4 6 4 .3 9 1 .70 4 . 2 0 2 .5 7 ^ .31 2 .6 7
4 2 1 8 .7 3 4 . 6 4 .79 4 .5 2 .9 5 4 .5 8 1 .1 3
CN
4 2 1 3 .8 0 4 . 4 7 1.36 4 . 1 0 3 .2 7 4 .2 6 3 .0 5
4 2 1 2 .8 0 4 .4 8 1 .3 2 *+•13 3 .10 4 . 3 4 2 .4 2
4 2 1 2 .4 0 4 .4 8 1 .30 4 .0 9 3 .3 0 4 . 2 9 2 .8 2
T a b le  ? .6  c o n t a i n s  t h e  c a r b o n  abundance  r e s u l t s  f o r  t h e
two s e t s  o f  t e m p e r a t u r e  c o n d i t i o n s  f o r  b o th  b a r iu m  s t a r s .
T h is  t a b l e  a l s o  c o n t a i n s  n i t r o g e n  abundances  f rom t h e  n e x t
s e c t i o n .  I t  c an  be s e e n  t h a t  t h e  c h o ic e  o f  t e m p e r a t u r e
c o n d i t i o n s  does n o t  s e r i o u s l y  a f f e c t  ou r  c o n c l u s i o n s  i f  we
t a k e  no a c c o u n t  o f  o t h e r  m o le c u le  f o r m a t i o n .
? . 1 5  The Cyanogen L in e s  i n  t h e  Blue  and V i o l e t  S p ec t ru m
We have  s e l e c t e d  t h r e e  l i n e s  o f  CN u se d  by G r e e n s t e i n  
1 64and Keenan . They a r e  g iv e n  i n  t h e  second  p a r t  o f  T ab le
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5.5. Once again the problem of positioning the continuum 
prevailed. Application of the equation of molecular 
equilibrium and the Boltzmann equation for molecules allowed
the derivation of the following formula.
log N(N) ( ciJlog K(CN)J - (log N(C)J-jlog Aj- (log Pe 
flog kyv .
We have excluded the small terms mentioned in the previous 
section. Another term J log N ( E ) J  was negligible and has 
been excluded. Details of the calculations and corrections 
followed closely those outlined in Section 5.1^. Thej log N(C) 
values were taken from the previous section. The results 
obtained are included in Table 5.6 where both temperature 
conditions are given. These results are also not sensitive 
to the temperature conditions when other molecule formation 
is neglected.
TABLE 5.6
oC Boo HD 116713 y Vel (b)
& 1.30 1.19 1.10
[log N(C)J +2.04 +2.00
[log N(N)3 + 1.45 + 1.86
B 1.60 1.47 1.36
\log H(C)1 +1.93 +2.02
fog N(N)3 + 1 . 5 5 + 1.99
5.16 Integrated Bands of C2
Inspection of the tracings of HD 116713 showed evidence 
of the existence of the absorption bands of the Swan system
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o f  Q>29 S i n c e  t h e  a tom ic  l i n e  b l a n k e t i n g  i n  t h e  b lu e  and 
v i o l e t  s p e c t r a  was so g r e a t  i t  d i d  n o t  seem p r o f i t a b l e  t o  
m easu re  band s t r e n g t h s  by s u b t r a c t i n g  t h e  c o n t r i b u t i o n  of 
a to m ic  l i n e s  t o  t h e  b l e n d .  However, t h e  ( 0 , 1 )  band a t  
5 6 3 5 .5  A a p p e a re d  t o  be s t r o n g  i n  HD 116713 and r e l a t i v e l y  
f r e e  o f  l i n e  b l e n d i n g .  The i n t e g r a t e d  band s t r e n g t h  i n  
HD 116713 andX Boo was found  t o  be 239 A and 39 A, 
r e s p e c t i v e l y .
By assum ing  b o th  t h e s e  bands f a l l  on t h e  l i n e a r  p a r t s  
o f  t h e i r  c u rv e s  o f  g rowth  we r e p l a c e d  j  lo g  k ^ v ^ l  by
The B ol tzm ann  e q u a t i o n  f o r  m o le c u le s  and t h e  e q u a t i o n  
o f  m o le c u l a r  e q u i l i b r i u m  was a p p l i e d  t o  o b t a i n  t h e  f o l l o w i n g  
e q u a t i o n : -
We have  u se d  t h i s  t o  d e t e r m i n e  t h e  r e l a t i v e  c a rb o n  
abundance  for  t h e  two t e m p e r a t u r e  c o n d i t i o n s .  The r e s u l t s  
were as  f o l l o w s :
When Q (atBoo) = 1 .3 0  and Q (HD VI6713 ) = 1 . 1 9 ,
When 0  ((XBoo) = 1 .60  and 0  (HD 116713) = 1 . 4 7 ,
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5. 17 I n t e g r a t e d Cvanogen Bands i n  t h e Red and I n f r a - r e d
S p e c t r a l R e g io n s  o f  HD 116718
S i n c e  t h e r e d  sy s te m  o f t h e  cyanogen m o le c u le  was
c o n s p ic u o u s  i n t h e  s p e c t r u m  o f  HD 116713, we h av e  measured
i n t e g r a t e d  s t r e n g t h s  i n  t h e  r e g i o n  o f t h e band h ead s  f o r  s i x
d i f f e r e n t  bands . The w a v e l e n g t h s , v i b r a t i o n a l  quantum
numbers and e q u i v a l e n t  w id th s o f  t h e s e  bands a r e  p r e s e n t e d
i n  T a b le  5.7»
TABLE 5 . 7
CN V» , v n W&Boo) W(HD 116713)
mA mA
6 V 7 8 .7 6 , 2 1 2 1 9 0
6 5 0 2 .0 6 , 2 2b 124
78 5 2 .9 2 , 0 132 56b
7 8 7 6 . 4 2 , 0 1 1 0 1056
7898 .6 2 , 0 336 1902
8 0 6 7 .0 3 ,1 130 6 4 8
I n  t h e  t h e o r y  f o r  i n t e g r a t e d  bands  we have  assumed t h a t ,  
i n  b o th  s t a r s ,  t h e i r  s t r e n g t h s  c a u se  them t o  f a l l  on t h e  
l i n e a r  p a r t  o f  t h e  c u rv e  o f  g ro w th .  Q l o g  kyV"^ o v a ^ues i n  
t h e  p r e v i o u s  s e c t i o n s  were  r e p l a c e d  by jjLog k^wj.  The f i n a l  
e q u a t i o n  u sed  was:
f l o g  N(N)J lo g  K(CN)
lo g  k yW|.
- [ l o g  N(cTJ -  [ lo g  Ä ] - [ l o g  P e f+ [C 1 4*
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By u s i n g  t h e  j l o g  N(C)j r e s u l t s  f rom  S e c t i o n  5 . 16 we 
o b t a i n e d  t h e  f o l l o w i n g  r e s u l t s  
j lo g  N(N) f o r  b o t h  t e m p e r a t u r e  c o n d i t i o n s  was + 1 .2 2 .
5 .1 8  The E f f e c t  of CO and N2
1 59De J a g e r  and Neven have  g i v e n  a s e r i e s  o f  m o le c u l a r  
e q u i l i b r i u m  c o n d i t i o n s  f o r  s t e l l a r  a tm o s p h e r e s .  The 
c o n d i t i o n s  p r e s e n t e d  f o r  group  I I  s h o u ld  a p p ly  toodBoo,  s i n c e  
t h e  assumed abundances  a r e  c o m p a t ib l e  w i t h  t h o s e  found  by 
G r a t t o n  f o r  t h i s  s t a r .  T e n t a t i v e l y ,  we have  assumed t h a t  
HD 116713 and y V e l  b e lo n g  t o  e i t h e r  g roup  I  o r  group I I I .
I n  p r e v i o u s  s e c t i o n s  we have  assumed t h a t  
j lo g  P(H)j = jjLog i^  + j log  Pe - [ c j j
= - .0 1  f o r  HD 116713
= + .1 5  f o r  y V e l  c a s e  (b)
We have  t h e r e f o r e  assumed t h e  gas  p r e s s u r e s  a r e  t h e  
same i n  a l l  s t a r s  and t h a t  t h e  r e s u l t s  f o r  P(H) = 3 i n  de 
J a g e r  and Neven1s work a p p ro x im a te  c o n d i t i o n s  i n  our  s t a r s  
b e c a u s e  t h e y  a r e  g i a n t s .
C o n s i d e r in g  f i r s t  t h e  h i g h e r  t e m p e r a t u r e  c a s e ,  we found  
t h a t  a to m ic  C and a to m ic  N p re d o m in a t e  o v e r  m o le c u le s  
c o n t a i n i n g  C and N r e s p e c t i v e l y ;  i n  p a r t i c u l a r  we were 
c o n c e rn e d  w i t h  CO and N9 . A d i f f e r e n t  s i t u a t i o n  e x i s t e d  f o r  
t h e  lower  t e m p e r a t u r e  c a s e s .  I t  c an  be s e e n  t h a t  CO 
outnumbered C i n  most  c a s e s .  M oreover ,  t h e  d i f f e r e n c e  be tw een
CO and C for a given temperature depended on the intrinsic C 
abundance, which we were trying to establish. We therefore 
interpolated between group la and group III so that the 
correction for CO, applied to the results of Section 5*1*+ 
gave the same value of jlog NCC^J as the interpolation.
This was done by trial and error.
log N(C)j for HD 116713 was found to be +1.1, using 
the data of Section 5.1*+) and +0.6 using data from Section
5.16.
[>log N(C2J for y Vel was found to be +0.7 for case (b), 
with data from Section 5• 1 *+-
A similar technique was used in the lower temperature
cases to determine a final value of [log N(N)j since it was
obvious that N Q tended to dominate over N. Here the 
corrections appeared to be much more sensitive to the values 
of |log N(N)J taken from Sections 5*15 and 5.17» The final 
value of j log N(N)J for HD 116713 was + 1.5; for y Vel case 
(b) it was +1.0.
The results for N depend on the assumed relative 
abundances of C, and since the results for C appear 
reasonable, it would seem that the consistently greater 
value ofj log N(N)J compared with £jLog N(C)J may be a real
effect.
1*+1
The difficulties in these abundance determinations have 
arisen because one set of temperature conditions does not 
require the dominance of CO and Ng in the atmosphere, while 
the second set does. The evidence already quoted for the 
formation of molecules at small optical depths in stellar 
atmospheres, leads us to conclude that the latter result is 
the more probable one.
We verified the method of interpolation in the results 
of de Jager and Neven^^ for HD 116713 by solving their 
equations (3a)(3^2)(3°)(3^) with the abundances found for C 
and N, assuming that the oxygen abundance was similar to the 
Sun. ß (HD 116713) was assumed to be 1.47, and we again used 
those authors* group II, log P(H) = 3? to represent conditions 
in o^ Boo. The result confirmed the previous determinations to 
within 0.15 in the logarithm for both C and N. It should be 
again pointed out that these results hold for an oxygen 
abundance similar to the Sun. If this has increased in 
HD 116713, along with C and N, then more CO would exist and 
hence the carbon abundance would be higher. This would not 
affect the N abundance significantly. We have no accurate 
way of determining the 0 content of these stars.
Results from the rotational lines of CH and CN are more 
accurate since we have probably overestimated the strength 
of the very weak integrated bands in^Boo. A more realistic
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curve of growth treatment of integrated bands would also tend
to make the abundances greater in HD 116713? relative toocBoo.
5.19 The Carbon Isotope Ratio in the Bariimi Stars
The well developed cyanogen bands in the red and
infra-red spectral regions of HD 116713? provided a
qualitative check on the ratio. Wyller^^ has
superimposed a tracing of the C^N^(2,0) band at 7917*6 A
onto one of the C^N^(2,0) bands at 7072 .9 A of the star
1 219 Psc. He has demonstrated that the C J abundance must be
low since there was considerable radiative strength in the 
19C J band compared with strong absorption in the corresponding
12position of the C band.
We have followed this technique for the same bands in 
HD 116713 since we identified the same features in this star 
as in 19 Psc. Our conclusion was that the C /C J ratio is 
greater than 4/1 and probably greater than 10/1. The weakness 
of these bands compared with those in 19 Psc did not allow 
us to put a higher limit on this ratio, although the 
possibility is not excluded. Similar results were obtained, 
though with less certainty, from the and C^C^(0,2)
bands at 6191.2 and 6268.1 A, respectively, and the
13 iLfand C ~N '(4,0) bands at 6191.2 and 6246.4 A, respectively.
CHAPTER 6
INTERPRETATION OF THE RESULTS FOR THE BARIUM STARS
6.1 The Final Adopted Abundances
Before proceeding to the interpretation of the results 
of Chapter 5, we must consider the weight we can attach to 
some of the more important, and yet less well determined 
abundances. Some idea of the weight which we can give to 
any determination can be obtained from the deviations from 
the mean, and the number of lines used in the determination; 
also, agreement of results from different spectral regions 
and different stages of ionization lends confidence to the 
final determination.
In Table 6.1 we give the mean relative abundances of 
HD 116713 and y Vel, relative toodBoo. These were obtained 
by taking the mean of the determinations from the blue-violet 
and green-red spectral regions, and combining the different 
stages of ionization into one abundance determination. It 
can be seen that there is excellent agreement between the two 
spectral regions and consistency from different ions in 
HD 116713* This is particularly marked for elements for which
1^3
many lines were measured. There appears to be a systematic 
difference between the two spectral regions for y Vel.
TABLE 6.1
Final Adopted Abundances in the Barium Stars
Element HD 116713 y Vel
Na +0.8 +0.9
Mg +0.3 +0.3
A 1 +0.3 -0.1
Si +0.4 +0.1
Ca +0.*+ +0.6
Sc +0.4 +0.2
Ti +0.3 +0.5
V +0 . 4 +0.4
Cr +0.6 +0.7
Mn +0.3 +0.5
Fe +0.3 +0.5
Co +0.4 +0.4
Ni +0.4 +0.5
Cu +0.6 +0.9
Zn +0.5 +0.3
Ge +0.3 -
Sr +0.9 +0.8
Y + 1.2 +1.4
Zr + 1 . 1 +0.9
Nb +0.6 -
Mo + 1 . 0 + 1 . 1
Ru + 1 . 1 + 1 . 3
Ba + 1 . 5 + 1 . 2
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TABLE 6.1 (cont.)
La + 1 .2 + 1.0
Ce +1.3 + 1.2
Pr +1.4 + 1 .0
Nd +1.1 +0.9
Sm + 1.0 +1.1
Eu +0.6 +0.7
Gd +1.1 +1.3
Yb +0.7 -
W + 1.4 +1.4
Rb + 1.0 -
K +0.3 -
C +0.6 - +1.1 <  +0.7
N <+1.5 < +1 .0
1. Sodium. This element is slightly overabundant in the 
barium stars, compared to the other light elements. 
Unfortunately, Gratton has not determined this abundance in 
(X-Boo, so we do not know whether it follows the normal run of 
light element abundances or whether it is slightly less 
abundant than those. We have attempted to solve this problem 
by comparing the measured sodium lines in HD 116713 with the 
same lines in ^ Sag, an apparently normal KOIII star. This 
was done empirically by visual inspection of the weak lines. 
The sodium lines in HD 116713 appeared to be marginally 
stronger so we have concluded that there is a small extra 
abundance of sodium in both barium stars.
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2. Aluminium. The abundance of aluminium for y Vel appears 
to be somewhat anomalous. We have concluded however that 
the position of the Al I lines at the far red end of a poorly 
exposed plate has caused this apparent anomaly. Inspection
of other lines in this region showed that they were consistent­
ly weaker than one would expect.
3. Other Elements up to Nickel. All these elements show a 
high degree of consistency with one another. The results 
for HD 1 1 6 7 1 3 show less deviation from a mean than do those 
for y Vel. It has been pointed out previously that the 
plates of HD 116713 were of better quality and greater in 
number and we have assumed that this has shown up in the 
final abundance determinations.
b. Zinc. Three zinc lines were measured; although their 
strengths were well determined, their excitation energies,
) b e V, are somewhat higher than those of the other lighter 
elements. Thus, small systematic errors in the Boltzmann 
factor would change the listed abundance.
Cooper. The copper abundances are derived from a single 
line, and this is relatively free of blending in these stars.
We conclude that the copper abundance does not differ greatly 
from the other light elements in HD 116713« The measured line 
in y Vel falls in a very faint part of the spectrum.
6. Germanium. Only one weak blended line of germanium (the 
identification cannot be regarded as certain) showed a 
probable normal abundance of this element. This line was not 
visible in the spectra of y Vel.
7. Strontium. Neutral lines were used for this 
determination since the Sr II line at ^215*52 was seriously 
blended with the head of the CN band. Although many of the 
lines were blended there is no doubt that the strontium 
lines are enhanced beyond the amount for the lighter elements.
8. Yttrium and Zirconium. The overabundance of these two 
elements is well established for both barium stars from a 
good selection of lines.
9. Niobium. The available data for this element is not 
good. The relative strengths of unclassified lines of 
niobium indicate that the figure given in Table 6.1 may be 
a lower limit. Thus niobium would be enhanced.
10. Molybdenum. The identifications of the molybdenum 
lines are sound and the overabundance is well established.
11. Ruthenium. The overabundance obtained for this element 
came from two lines which are not seriously blended. This 
result is reasonably well established.
12. Barium. Lanthanum? Cerium, Praseodymium. Neodymium and 
Samarium. Although many blended lines were used, the 
overabundances for all these elements are well founded in
both stars.
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13- Europium. This abundance came from three lines, one
of which was badly blended. However, the degree of blending
seems to be similar in all three stars and the abundance
determination should be a reliable one. This shows that
europium is only slightly enhanced, if at all, with respect
to the light elements. This applied to both barium stars.
14. Gadolinium. The results for gadolinium are important
because of its role in nucleosynthesis and because previous
work has not established a clear cut result for the abundance
of this element. Only one line was measured in the green
spectral region, and, by itself, is of low weight because
only one plate of each barium star covered this region. A
total of six lines was measured and all are enhanced.
Moreover, a comparison of HD 116713 with^Sag shows that
these lines in the former star are appreciably stronger. We
110have used the careful measurements of Gratton to establish
that the lines at 4342.18, 4419.03 and 4483.33 A are
relatively unblended and come from Gd II. Furthermore, the
167relative f-values from Meggers et al , and the actual line 
strengths are consistent. Reference to the relative f-values 
and Gratton1s work shows that the line at 4582.53 A is blended 
with both a Gd II line at 4582.73 A and a stronger line of 
Ce II at 4582.4 A. Therefore this line would give an 
overestimate of the abundance and has been excluded. The
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Gd II lines at 4596.98 and +^73^ +*^ +3 A are blended but usable 
s.ince there is no evidence of a contribution from another 
greatly enhanced rare earth line. On the basis of these 
measurements we must conclude that gadolinium is enhanced to 
the same extent as other rare earth elements.
15. Ytterbium. The abundance of this element must remain 
uncertain since the lines are of doubtful identification and 
not mutually consistent. Lines were not detectable in y Vel. 
The line at 5556.48 A has a high f-value and the result from 
this should be of greater weight. The line at 7699.49 A 
could not be resolved from the nearby K I line, even if it 
were present. The evidence therefore is marginally positive 
that the abundance of ytterbium in HD 116713 is greater than 
the lighter elements.
16. Tungsten. The abundance which is considerably enhanced 
in both barium stars is derived from one line. However, we 
have compared the spectra of HD 116713 and y Vel with the 
spectra ofd  Boo and^Sag. While there is evidence that a 
blend near 4294.62 A (the strongest W I line) is enhanced in 
the barium stars relative tooCBoo there is no evidence 
whatsoever that this line or the one at 4244.37 A is enhanced
relative tojj'Sag. Therefore the abundance determination must
110be accepted as extremely doubtful. Gratton has suggested
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that lines at these wavelengths cannot be accepted as 
positive identifications of W I in K stars.
17. Holmium. Hafnium and Technetium. No evidence was 
obtained for the presence of these elements in the barium 
stars. Only the neutral lines of Tc fall in an accessible 
region of the spectrum and these could not be identified.
18. Rubidium and Caesium. We have discussed the positive 
evidence for the enhancement of these two elements. Their 
resonance lines lie in the infra-red spectral region. More 
weight can be assumed for the former than for the latter.
19« Lead. Some small positive evidence for lead was found 
from the infra-red region.
20. Carbon. Nitrogen and Oxygen. The abundance 
determinations for carbon and nitrogen came from molecules. 
From consideration of molecular equilibrium conditions, we 
found what was probably a lower limit to the abundances of 
these two elements. The carbon abundance is dependent on the 
oxygen content. To obtain more information on the oxygen 
abundance we compared features ascribed to TiO in K stars by 
Gratton.. This was done visually for^Sag and HD 116713? and 
in all cases no significant difference was found in the 
strengths. This is the best evidence available to suggest 
that the oxygen content of HD 116713 is not disproportionately 
high or low.
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21. Zirconium Oxide. The only other molecule not discussed 
and observed in these stars, was ZrO, whose<^ System, Blue, 
was considerably enhanced in HD 116713» The strength of the 
(1,1) R3 band head at 4644.7 A was particularly noticeable, 
since it was relatively free of line blending. This increased 
strength is something we would empirically expect, since 
atomic zirconium was found to be so overabundant. We have 
not attempted to determine either the metal or oxygen 
abundance from any of the metal oxides. A study of molecular 
equilibrium shows that abundances of metals and oxygen 
determined from molecules which do not predominate in the 
atmosphere, are sensitive to assumed abundances of other
O -J
metals. The work of Cowley shows that the derived 
abundances of atomic Zr and Ti will not be affected by the 
oxide molecules.
6.2 The Significance of the Abundances Relative to<X Boo
114From the work of Gratton we have assumed the 
abundances of c^ U Ma andctSer are normal, i.e. the same as in 
the Sun. By comparing the mean results for these two stars 
with a Boo we obtained the differential abundances of Sun 
relative to ^ CBoo. These results were taken from Gratton1s 
Table 5» Gratton has not given details of his 
determinations of C , N and 0 abundances, but we have assumed 
that correction for CO and Np formation and the small optical
depth of molecule formation were not applied in any detail. 
SinceoiBoo has a lower temperature than the other two stars 
of interest in his study, these corrections would tend to 
increase the abundances of C and N in the former star. A 
more realistic estimate of the abundances of these elements 
has been made by us.
The mean overabundance of solar composition relative to 
06B00 is +0.30. The mean overabundance of the metals in 
HD 116713 and y Vel up to and including nickel, but excluding 
sodium, carbon and nitrogen, is +0.37 and +0.40 respectively. 
This clearly shows that the abundances of these light 
elements are very nearly solar in both barium stars. In 
particular, these results show that HD 116713 is not metal 
poor - something which was suspected by Bidelman because of 
the star!s high radial velocity.
6.3 Comparison with the Results for HD 46407
We are now in a position to compare our results with
92those obtained by Burbidge and Burbidge' for the barium 
star HD 46407. To obtain a more direct comparison we should 
subtract approximately 0.30 from our results to compensate 
for the metal poorness ofocBoo. Perhaps 0.45 is more 
realistic for carbon and nitrogen. Since there appear to be 
no serious differences from the mean abundance inodBoo, even 
among the rare earths, this procedure is acceptable.
153
There are differences between HD 116 7 1 3 and HD b6b07 
for sodium, strontium, niobium, samarium and gadolinium.
The problem of sodium will be discussed later. Our strontium 
results did not come from ionised lines which are 
considered to be badly blended. We have already explained 
that the niobium results are of low weight. For the 
samarium abundance we used only those lines for which the 
lower energy level was known. This allowed the use of the 
correct Boltzmann factor. If Burbidge and Burbidge used 
lines of unknown excitation potential by assuming some mean 
excitation this could result in differences. It is doubtful 
whether the few lines of this type could make a large 
difference. The overabundance of gadolinium has been 
discussed in detail and we see that it is a genuine effect.
The abundance trends are the same in y Vel. Any 
differences are no greater than the errors of the 
determinations. The degree of enhancement of the rare earth 
elements seems to be slightly less in y Vel. HD 46407 may 
be a slightly more extreme barium star than HD 116713* Only 
qualitative estimates are available for the brightest star 
of this type,^ Cap.
6.b Space Distribution of Barium Stars
By accepting the spectroscopic parallax for HD 116 713
1 /oobtained by Adams et al , and assuming that all barium
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s t a r s  have  t h e  same a b s o l u t e  m ag n i tu d e  ( + 1 .6  M ) ,  we were
a b l e  t o  show t h a t  a l l  t h e  known ba r ium  s t a r s  a r e  e v e n ly
d i s t r i b u t e d  i n  t h r e e  d im e n s io n s  a b o u t  t h e  Sun.
S i n c e  most b a r iu m  s t a r s  down t o  an 8 . 0  m ag n i tu d e  l i m i t
28w i l l  be i n c l u d e d  i n  t h e  l i s t s  o f  B ide lm an  , Cowley and 
16Q 170Cowley y and Warner 1 , and t h e s e  a r e  e v e n l y  d i s t r i b u t e d
w i t h i n  200 p a r s e c s  of  t h e  Sun ,  t h e  sp ace  d e n s i t y  p e r  c u b ic
p a r s e c  w i l l  be 6x10"^ .  F u r t h e r m o r e ,  i f  we assume t h e s e  s t a r s
sp a n  h a l f  a s p e c t r a l  c l a s s  c e n t r e d  on K 0 I I I , t h e  r a t i o  o f
b a r iu m  t o  norm al  s t a r s  o f  t h e  same a p p ro x im a te  s p e c t r a l  t y p e
and l u m i n o s i t y  w i l l  be 1 /200 .  S t a r  d e n s i t y  d a t a  f o r  t h e
1 ^2s o l a r  n e ig h b o u rh o o d  was t a k e n  f rom A l l e n   ^ .
T h is  i s  a v e r y  a p p ro x im a te  r e s u l t  d e s i g n e d  t o  g iv e  t h e
o r d e r  o f  m a g n i tu d e .  S u f f i c i e n t  r a d i a l  v e l o c i t y  and p r o p e r
m o t io n  d a t a  do n o t  e x i s t  t o  g iv e  a s t a t i s t i c a l  p a r a l l a x .
6 . 5  I n t e r p r e t a t i o n  o f  t h e  Abundances
I n  t h i s  s t u d y  we a r e  m a in ly  c o n ce rn e d  w i t h  t h e  abnorm al
f e a t u r e s  o f  t h e  abundance  d e t e r m i n a t i o n s ,  and we s h a l l
d i s c u s s  o n ly  t h o s e  i n  d e t a i l .
1. Carbon and N i t r o g e n . The o v e rab u n d an ce  o f  c a rb o n
4  12s u g g e s t s  t h a t  t h e  S a l p e t e r  r e a c t i o n  3 He C has  gone on,
o r  i s  go ing  on s t r o n g l y  i n  t h e s e  ba r ium  s t a r s .  C u r r e n t
t h e o r i e s  do n o t  s u g g e s t  any a l t e r n a t i v e  mechanism. I t  has
52s u g g e s t e d  by B u rb id g e  e t  a l '  t h a t  e v id e n c e  o f  t h i s  r e a c t i o n
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is indirect, since in the cool carbon stars a depletion of 
oxygen can cause an apparent overabundance of carbon, 
because less CO will be formed. We have assumed a normal 
abundance of 0 in our barium stars and have supported this 
with observations of the strengths of TiO features in these 
stars. This gives confidence that the above interpretation 
is correct.
The overabundance of nitrogen combined with the low
1 2abundance of C J is more difficult to explain because both 
of these elements should be produced in the CN cycle of
hydrogen burning. If we compare the laboratory data on
171equilibrium ratios obtained by Fowler 1 for the CN cycle, 
with our abundances, we must conclude that the barium stars 
do not show internal equilibrium ratios. Fowler obtained 
the following equilibrium ratios: C ^ / N ^  = 0.01,
0^C/N*^ = 0.05, C12/C13 = k.6. In the barium stars, although
14 12N may be slightly more overabundant than C , it cannot
12 1U-possibly be such that C /N = 0.01, when we consider that 
C^/N^-'-v' 5 in the Sun. Furthermore, if C^2/o"^^ 0.2, the 
oxides of metals such as TiO and ZrO would be much more
1 2prominent than they are. Finally, molecular bands with C ~ 
should be detectable, and this is not so.
However we can suggest in broad outline the means by 
which the atmospheres of barium stars might attain the
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observed, abundances of the above elements. Suppose the 
atmosphere originally had a solar type composition. The 
relative numbers of atoms would be the following:
C12 = 1000, C12 = 10, N1I+ = 2 0 0, O1” = 1200.
If the equilibrium products of a CN cycle were mixed into
1 4this atmosphere such as to change the abundance of N to 
that observed in the barium stars, the composition would 
become:
C12 = 1014, C13 = 13, Nllf = 1600, O16 = 1270.
12Finally, we have to postulate that enough C , the product
of helium burning, could be mixed into this atmosphere to
1 2make the C abundance the same as the observed abundance.
12The final result, provided C did not pass through an 
intense CN cycle, would be:
C12 = 6000, C13 = 13, Nllf= 1600, 0* = 1270.
The observed barium star abundances are then compatible
with this interpretation. This suggests also that the carbon
12 12 14stars having a high C /C - ratio., need not have less N
1 2than C --rich carbon stars.
2. Sodium. We have seen from the discussion on RY Sag that 
22Na can be produced in three different types of reaction:
(a) Hydrogen burning in the NeNa cycle. Burbidge et al^2 
have suggested that this cycle can predominate if the
hydrogen has not been processed by carbon or nitrogen. Ne21
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should be produced in substantial quantities but it will not
be observable in such low temperature stars.
22(b) Slow neutron capture by Ne . If the slow neutron 
process produced the excess of sodium we should expect to see 
an excess of other elements below the iron peak, produced by 
the s-process. Our abundance analyses do not reveal these.
(c) Carbon burning, C (C p)Na . We have seen how the
20carbon burning can produce an excess abundance of only Ne 
2° 20and Na . Once again Ne will not be detectable, so there
is no additional support for this mechanism.
It can therefore be seen that there is not unambiguous
support for either mechanism (a) or (c). A more sobering
1 72thought is that Cayrel and Cayrel ' have found an 
overabundance of sodium of the same order of magnitude in 6 
Vir, an otherwise completely normal G8III star in all respects. 
It would be very difficult to draw significant conclusions 
about such unexpected and spasmodic fluctuations as these.
3* The Elements Heavier than Fe. We have found strong 
evidence for an increase in abundance of the following elements 
with respect to elements lighter than iron in both barium 
stars: Sr, Y, Zr, Ba, La, Ce, Pr, Nd, Sm, Gd. Weaker support
can be given for the enhancement of Nb, Mo, Ru, Yb, Rb, Pb. 
Reliable evidence for the near normal abundance of Ni, Cu,
Zn, Eu exists. The very slight overabundance of the last
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three may be real and will be considered. We think, for 
reasons given in 6.2, that the abundances of Ge, W and Cs are 
unreliable and may give virtually no indication of their true 
abundances in the barium stars.
52By reference to the work of Burbidge et al and 
172Clayton et al ‘ we can see that all the enhanced abundances 
belong to elements which are produced predominantly or almost 
exclusively by the slow neutron capture process. Possible 
exceptions to this are Sm and Gd, both of which seem to be 
manufactured mainly by the r-process, or rapid neutron 
capture.
This introduced the problem of available neutron sources, 
and we discuss this with a view to determining whether our 
observations can give any indications. The possible sources 
of neutrons so far suggested by theoretical nuclear physics 
are six in number. In brief they are:
C13(oc,n)016, Ne21 (<t,n)Mg2\  C 12(p, ^ )N13(/3+ ,v>)C1 3(<*-,n)016, 
C 12(C12,n)Mg23, Ol6(Ol6,n)S31, Ne22 (oC,n)Mg2l
The difficulties presented by these processes have been 
reviewed. Here we need to notice that each reaction has a 
by-product which may be enhanced if all the neutrons for the 
s-process came from that reaction. The degree of enhancement 
depends on the total number of neutrons supplied and the 
original abundances of the by-product element. However, none
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of the above observable by-products appear to be enhanced.
This does not exclude them as possibilities; it merely does 
not allow us to discriminate.
An important point to note is that europium, produced 
mainly in the r-process, is not significantly enhanced in the 
barium stars.
It has been shown by Burbidge et aly that the product 
of N, the isotopic abundance, and CT the slow neutron capture 
cross-section, should be a smoothly varying function of A, 
the atomic weight. This function is a measure of the total 
number of neutron captures which the lighter seed nuclei 
have undergone. When there is an unlimited supply of 
neutrons, N(T should be constant. This means that the larger 
the capture cross-section of an isotope the smaller will be 
its abundance. Following Burbidge et al^2 we have to deduce 
the true overabundances of isotopes produced by the s-process, 
since our present element abundances include a contribution 
from all isotopes of that element. If y^  is the true 
overabundance caused by the s-process and y is the observed 
overabundance, it can be shown that y = y + — (y—1). Here 
r and s are the sums of the standard star (the Sun in our 
case) abundances produced by the r- and s-processes, 
respectively. -■ is listed in Table IV of Clayton et al.
It is obtained by summing the contribution to all isotopes
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by the r- and s-processes respectively and by weighting 
according to the relative amount of each isotope. The 
techniques for isotope separation are described by these 
authors.
We are now able to obtain ^TNy’) as a function of A. o~ 
values differ for different isotopes of one element. We 
therefore need to use a mean value of CT for all isotopes of 
an element produced by the s-process. Clayton et al have 
listed (T N for all s-process isotopes in their Table III.
They have also given an estimated contribution to N for 
isotopes which are not produced entirely by slow neutron 
capture. In Table 6.2 we have listed element (all elements 
heavier than nickel produced partly or wholly by the s-process 
are included), observed abundance ratio y, r/s, true
-jabundance ratio y , and the product (TN)y’.
In the discussion of these results much caution is 
required. Clayton et al have warned that some measure of 
the reliability of their r/s values can be obtained from the 
criterion that the sum of the r and s contributions should 
make up the total abundance. Errors here will be particularly 
exaggerated when r is large and s is small. This, therefore, 
will affect results for Rb, Eu and Gd.
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TABLE 6 .2
y y 1 (ö"N)y1
E l. HD116713 y  V el r / s HD116713 y Vel HDH6713 y V el
Cu 1 .8 6 3 .2 3 .07 1 .92 3 .2 5 1 .9 2 x 1 o4 3.25x10*+
Zn 1 .5 5 .81 .2 1 .6 6 .77 2 .8  x10*+ 1 .3  x10*+
Ge .81 - .07 .80 - 800 -
Rb 4 .4 7 - 2 .0 11.41 - 3309 -
S r 3 .31 2 .4 6 .0 8 3 .4 9 2 .5 7 907 679
Y 7 .5 9 1 0 .7 2 .1 8 .2 5 1 1 .6 9 1320 1870
Zr 5 .5 0 3 .4 7 .1 5 .9 5 3 .7 2 536 335
Nb 1 .6 6 - .4 1 .9 2 - - -
Mo 5 .2 5 5 .5 0 .7 8 .2 2 8 .6 5 715 752
Ru 6 .0 3 7 .0 8 .5 8 .5 4 7 -38 828 716
Ba 1 4 .4 5 6 .0 2 .1 15 .7 9 6 .5 2 473 196
La 7.41 4 .3 7 .3 9 .3 3 5-38 187 108
Ce 8.51 6 .4 6 .4 11.51 8 .6 4 196 14?
Pr 12 .30 4 .1 7 .1 13 .43 4 .4 9 322 108
Nd 6 .03 3 .1 6 .5 8 .5 4 4 .2 4 256 127
Sm 4 .9 0 5 .5 0 .7 7 .6 3 8 .6 5 69 78
Eu 1 .6 6 2 .0 9 3 -0 3 .6 4 5 .3 6 237 348
Gd 5 .8 9 8.91 2 .0 1 5 .6 7 24 .7 3 475 749
Yb 2 .3 4 - 1 .2 3 -9 5 - 55 -
Pb — .16 —
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It would not be surprising therefore, if large errors
occur in the result for Rb since it has a poorly determined
abundance from the infra-red spectral region. It can be seen
that the result for gadolinium does not differ from the
general trend as much as it did in the results of Burbidge and 
92Burbidge' . This is not the result of a different abundance 
determination, which would in any case be in the wrong 
direction. Rather, it is the result of using the revised 
value of r/s given by Clayton et al. If it were applied to 
the results of the Burbidges it would bring gadolinium into 
the same range as other nearby elements. However, our 
results show that gadolinium will remain a problem at least 
until better values of r/s and capture cross-sections have 
been determined.
It is extremely doubtful whether any systematic
itendency for y to increase with atomic number exists. On 
the other hand, there does appear to be a systematic decrease
-iof (fl~N)y with increasing atomic number. This appears for 
both barium stars but did not appear for HD 46407. It 
indicates that the supply of neutrons for the slow neutron
capture chains has not been unlimited. A decrease of
■1(0~N)y with increasing a tomic weight is theoretically 
predicted if this situation prevails.
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Our r e s u l t s  f o r  HD 116713 and y V e l  a r e  shown g r a p h i c a l l y
-j
i n  F i g u r e s  6 .1  and 6 . 2  r e s p e c t i v e l y ,  where lo g  (^rN)y i s  
p l o t t e d  a g a i n s t  A, t h e  a tom ic  w e i g h t .  T h is  may be compared 
w i t h  F i g u r e  20 of C l a y t o n  e t  a l ^ ^ ,  and shows t h e  e f f e c t  
d i s c u s s e d  above .  The change i n  s l o p e  may be e l i m i n a t e d  i f  we 
assume t h a t  t h e  o b se rv e d  ab u n d an ces  r e s u l t  f rom a d i l u t i o n  
o f  t h e  o r i g i n a l  s - p r o c e s s  e le m e n t s  by a f a c t o r  o f  — * 100.
We can  say  t h a t  t h e  r e s u l t s  g i v e n  above f i t  t h e  t h e o r y  
o f  s low  n e u t r o n  c a p t u r e  w i t h i n  t h e  e r r o r s  o f  t h e  v a r i o u s  
q u a n t i t i e s  u s e d ,  i f  we p o s t u l a t e  one t im e  s c a l e  f o r  n e u t r o n  
c a p t u r e .
One f i n a l  p o i n t  which  may be o f  i n t e r e s t  when more 
o b s e r v a t i o n s  of  b a r iu m  s t a r s  become a v a i l a b l e  i s  t h e  
f o l l o w i n g .  T h ere  i s  e v id e n c e  t h a t  d i f f e r e n t  d e g r e e s  o f  
enhancement  o f  s - p r o c e s s  e le m e n t s  o c c u r  i n  d i f f e r e n t  bar ium  
s t a r s  and i n  d i f f e r e n t  S s t a r s .  T h e re  i s  a l s o  our  r e s u l t  
t h a t  i n  some s t a r s  t h e  n e u t r o n  f l u x  i s  l i m i t e d .  Do t h e s e  
two phenomena n e c e s s a r i l y  go t o g e t h e r ?
6 . 6  E v o l u t i o n  o f  Barium S t a r s
Because  o f  t h e  s i m i l a r i t y  i n  t h e  o v e rab u n d an c e s  of  
s - p r o c e s s  e l e m e n t s  i n  S s t a r s  and b a r iu m  s t a r s ,  t h e r e  i s  an 
u n d e r s t a n d a b l e  t e n d e n c y  t o  assume t h a t  t h e  two ty p e s  a r e  
g e n e t i c a l l y  r e l a t e d .  C o n j e c t u r e  on t h e  r o l e  o f  bar ium  s t a r s
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in evolution has been made by Burbidge and Burbidge, and it 
is difficult to add further to this when no better knowledge 
of the masses of these stars has been gained, Some points 
are worth making which may impose limitations on the possible 
modes of evolution.
Four barium stars have now been examined at high 
dispersion and no trace of technetium has been found. It 
appears difficult to postulate that barium stars are 
evolving to the right on the giant branch and will eventually 
become S stars, because other s-process material is enhanced 
in both groups of stars. If we wish to relate the two 
groups of stars genetically, then it would seem more 
reasonable to postulate that barium stars are older than S 
stars. The small half-life of the technetium isotope would 
mean that it would have decayed if the time scale for evolution 
to the left was sufficiently great. Furthermore, if we 
believe that evolution of stars from the giant region to the
left follows the onset of helium burning in the core, we can
■19point to the overabundance of C , the product of helium 
burning, in the barium stars. These arguments must of 
necessity be very general, since there is no theoretical 
work to support these ideas for this part of the HR diagram.
It is only by analogy with the work done by Schwarzschild and 
Härm ‘ on population-II red giants that these remarks can be 
justified.
Do we have any knowledge of the time scales from other
data? We have shown that the ratio of barium stars to normal
stars covering the same spectral region is 1/200. This
result is not significantly different from the ratio of S
175”stars to M stars found by Keenan . Once again extreme 
caution is required with the interpretation of this result. 
Sandage^^ has demonstrated the "funnel" effect in the 
evolution of galactic clusters. This effect is caused by 
the fact that stars evolving from the main sequence to the 
right in the HR diagram and covering a large range of 
masses, pass through a very restricted range in the region 
of KOIII. This means that the barium stars which fall in 
this region could have a large range in mass. Indeed we can 
se.e from Sandage’s diagram that the barium stars could fall 
in a mass range defined by the turn-off points of M 67 and 
the Hyades or even the Coma clusters. This mass range would 
be from 1.1 to 2.5 times the solar mass. This makes the 
accurate use of the mass-luminosity relation for stars in 
this region rather questionable. Moreover, if we accept the 
trigonometrical parallax for^ Cap, the brightest known barium 
star, its absolute visual magnitude will be approximately 0.0, 
as opposed to +1.6 for HD 116713; this supports the 
possibility of a large mass range for the barium stars.
Another way to explain the problem of technetium may be 
to assume that barium stars fall in a different mass range 
from the S stars. A difference in the time scale for 
convection might then govern whether technetium could reach 
the surface of a star before a large proportion had decayed.
In short, we are not yet in a position to decide how 
barium and S stars are related. Do all stars in a given mass 
range pass through a barium and/or S star stage? If not, 
what is the property which determines the course of evolution 
of these stars? It would be of some interest to find barium 
stars in clusters, and a search in those clusters covering 
the mass range mentioned above, might heighten the 
probability of their detection.
6.7 Conclusion
We have shown in this study of the barium stars that 
reliable abundances can be obtained from K stars. However, 
we have seen that the temperatures are such that the effects 
of molecule formation are beginning to be important. It has 
therefore become obvious that to carry out abundance 
determinations at lower temperatures, more refined 
calculations of molecular equilibrium will be required.
This will mean either having available a network of 
equilibrium conditions which can be applied to the conditions 
prevailing in a particular star, or calculating equilibrium
167
conditions for the star when preliminary parameters have been
established. It has become obvious from the work of Aller
1and Greenstein y and from this work that model atmospheres 
for late type stars are required to establish with greater 
certainty the optical depths and hence temperatures at which 
molecule formation predominates. In this respect the 
integrated bands and resolved rotational structure of the 
red system of CN offers itself as a good means for carrying 
out this work. We have seen that the CN bands in HD 116713 
are in the fortunate state of being strong enough for 
accurate measurement, yet sufficiently weak to avoid large 
curve of growth effects. Infra-red plates at 10 A/mm would 
be very suitable for this work. They are now possible with 
the D Grating (blazed near 8000 A in the second order) and 
the 32” camera of the coude spectrograph.
The successful use of infra-red colours for differential 
temperature determinations has been demonstrated and the 
value of this method for unreddened stars with normal opacity 
sources cannot be overestimated. One point of interest not 
previously discussed came from the calibration of Johnson’s 
effective temperatures with the (R-I) measurements. If we 
considerBoo to be the accepted K2III type,a 0q (from 
Johnson^0 )^ with respect to the integrated Sun should be 0.28. 
However,A d v was found to be 0.39--02 by several independent
0-A.
168
observers and the (R-I) colours give i $ = 0.35. Therefore 
the assumption that a = ^^_on “ A^ x may be incorrect over 
such a wide base line. It also indicates that the spectral 
classification may not be accurately determined, which 
demonstrates that differential temperatures from spectral 
classification can lead to large errors. These results have 
not affected our differential temperatures since the base 
line was much smaller.
Recognition of a continuous opacity greater than normal 
in the infra-red region of HD 116713 requires much more work 
on stars of this type. We can, at this stage, only 
tentatively suggest that it may be due to the closely spaced 
absorption features of the red system of the CN molecule. 
Observations of other stars in which CN is strong would be 
the first step in solving this problem.
Finally, our observations have allowed us to interpret 
the special features of barium stars in broad terms of 
established theories of nucleogenesis. There are still many 
problems which remain to be settled. Doubts about ruthenium, 
samarium and ytterbium raised by Burbidge and Burbidge seem to 
have been made less acute by our study. On the other hand, 
tungsten and gadolinium require further research, and we have 
demonstrated how a reliable lead abundance could be obtained 
from the infra-red spectrum. Any isolated large differences
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in the run of abundances of s-process elements from one 
barium star to another could cause problems in the present 
interpretation.
Astronomical observation, experimental and theoretical 
nuclear physics, and studies of stellar evolution, must all 
contribute to the final solution.
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1TABLE A1
^ A q r  p l a t e  292 mean RYSag
•X
C I
Mult. log^o(©) -logW/^ l o g r j o  -logW/^ lo g ^ o  •-logW/^ l o g v jo
4 9 3 2 .0 0 13 -  .1 9 4.91 -  .0 2 4 .1 4 1.1+6 4 .1 7 1 .3 5
48 2 6 .7 3 5 - 5.31 -  .53 4 .1 2 1 .5 7 4 .1 9 1 .2 4
48 1 7 .3 3 5 -  .1 5 5 .1 3 -  .31 4 .1 2 1 .5 5 4 .1 0 1 .6 5
4 8 1 2 .8 4 5 -  .1 9 5 .0 2 -  .18 4 .21 1 .1 9 4 .2 5 1 .07
4 7 7 5 .8 7 6 .2 0 4 .9 5 -  .0 7 3 .9 8 2 .3 9 3 .9 6 2 .5 6
47 7 1 .7 2 6 - - - 3 .9 9 2 .3 5 3 .9 3 2 .7 7
4 7 7 0 .0 0 6 .0 7 5 .1 3 -  .32 3 .9 8 2 .3 8 4 .0 4 2 .0 2
47 6 6 .6 2 6 .2 2 - - 4 .0 8 1 .7 5 4 .0 8 1 .7 5
4762.41 6 - - - 3 .9 6 2 .5 4 3 .8 9 3 .0 8
4 3 7 1 .3 3 1*+ - - - 3 .7 7 3 -7 7 3 .8 6 3 .4 4
4 2 6 8 .9 9 16 - - - 3 .7 4 3 .8 8 3 .7 6 3 .8 0
4 0 6 4 .2 0 7 - - - 3-93 2 .8 2 3 .9 7 2.51
S I
4 6 9 6 .2 5 2 -  .21 5 .4 5 -  .6 8 4 .61 .23 4 .7 5 -  .0 0
4 6 9 5 .4 5 2 -  .21 5 .1 8 -  .3 7 4 .5 6 .31 4 .6 7 .1 2
4 6 9 4 .1 3 2 -  .0 2 4 .9 4 -  . 06 4 .4 9 . k 6 4 .5 8 .2 9
Mg I
4 7 0 2 .9 9 11 3 .5 5 4 .1 4 2.31 4 .0 4 2 ,0 0 4 .0 5 1 .97
4 5 7 1 .1 0 1 1 .6 3 4 .2 4 1 .6 8 4 .3 0 .91 4 .3 7 .71
4 1 6 7 .2 7 15 3 .1 4 4 .1 5 2 .2 0 3 .8 3 3. *+5 3 .9 2 2 .8 8
4057 .51 16 3 .1 6 4 .01 3 .2 2 4 .01 2 .1 7 4 .0 9 1 .69
Mg I I
4 4 8 1 .3 3 h .6 0 4 .4 5 .8 9 4 .0 9 1 .1 2 4 .0 8 1 .1 6
4 4 8 1 .1 3 k 1 .0 9 4 .2 1 1 .8 4 3 .8 6 2 .2 2 3 .8 3 2 .4 5
TABLE A1 ( c o n t . )
2
Ca I
4-585.87 23 1 .8 4 4 .2 6 1 .5 9 4 .3 8 .69 4 .5 6 .32
4 5 7 8 .5 6 23 1.21 4 .4 3 .93 4 .4 7 .4 9 4 .7 9 -  .0 5
4 4 5 5 .8 9 4 - 4 .1 4 2 .3 2 4 .1 6 1 .3 7 4 .1 4 1 .32
4 4 3 5 .6 9 4 2 .2 7 4 .11 2 .5 2 4 .0 2 2 .1 5 4 .1 8 1 .30
4 4 2 5 .4 4 4 2 .4 8 4 .1 7 2.11 4 .2 7 .9 8 4 .3 6 .7*+
4 3 5 5 .1 0 37 1.81 4 .41 1 .0 0 4 .2 9 .9 4 4 .2 8 .9 5
4 3 1 8 .6 5 5 2.11 4 .0 8 2 .7 4 4 .0 2 2 .1 0 4 .1 2 1 .5 5
4283 .01 5 2 .4 4 4 .2 3 1 .7 6 - - 4 .2 8 .96
Sc I I
4 6 7 0 .4 0 24 • 92 4 .o 4 3 .0 2 3 .8 2 2 .5 2 3 .8 6 2 .2 4
4 4 3 1 .3 7 14 .4 5 4 .3 6 1 .1 6 4 .0 0 1 .4 5 4 .0 7 1 .1 8
4 4 2 0 .6 7 14 .0 7 4 .3 2 1 .3 3 4 .0 5 1 .2 4 4 .1 6 .9 0
4 4 0 0 .3 5 14 1 .5 2 3-98 3 .4 2 3.81 2 .5 9 3 .8 6 2 .2 6
4354 .61 14 1 .2 2 4 .0 7 2 .7 9 3 .8 6 2 .2 6 3-93 1 .8 0
4325.01 15 2 .3 2 3 .9 6 3 .5 4 3 .7 9 2 .7 6 3-79 2 .7 4
4 3 0 5 .7 2 15 1 .1 8 3 .9 0 3 .8 3 3 .6 9 3 .4 0 3 .7 8 2.81
4 2 9 4 .7 7 15 1 .1 0 4 .1 2 2 .4 7 3 .8 9 2 .0 0 3 .9 6 1 .6 4
T i  I
4 7 5 9 .2 7 233 .61 4 .7 6 .2 4 4 .8 4 " .13 5 .1 6 » .5 2
4 7 5 8 .1 2 233 .5 7 4 .8 8 .01 4 .9 6 -  .2 9 5 .2 6 -  .6 4
4 6 2 3 .1 0 145 .8 2 4 .7 2 .2 8 4 .7 3 .0 4 4 .9 5 -  .2 7
4 6 1 7 .2 7 145 .8 6 4 .6 8 .3 5 4 .8 2 -  .0 9 4 .91 -  .2 2
45 3 4 .7 8 42 1.61 4 .3 2 1 .3 ^ 4 .2 6 1 .0 2 4 .4 2 .5 9
45 1 2 .7 3 42 1 .0 3 4 .4 8 .7 9 4 .3 4 .7 9 4 .5 2 .4 0
4465.81 146 .51 4 .6 3 .4 6 4 .4 3 .5 9 4 .4 5 .5 4
T i I I
4 8 4 9 .1 8 29 .4 3 4 .2 5 1 .6 3 4 .0 8 1 .1 4 4 .1 8 .8 4
4805.11 92 1 .62 4 .0 7 2.81 3 .8 4 2 .3 9 3 .9 2 1 .86
TABLE A1 ( c o n t . )
3
T i I I  ( c o n t . )
4779.99 92 4.21 1.84 3.99 1.48 3.99 1.48
4636.34 38 .04 4 .52 • 71 4 .19 .79 4 .28 .58
4589.96 50 1.21 4 .1 5 2.23 3.88 1.68 3.90 1.98
4571.97 82 2 .34 3.87 3-93 3 .74 3.08 3.79 2 .72
4568.31 60 .38 4 .3 8 1.12 4.09 .87 4 .13 .97
4563.76 50 2.21 4 .0 5 2 .97 3.72 3.20 3.76 2.92
4544.01 60 .52 4 .27 1.55 4.09 1.12 4 .0 5 1.27
4529.47 82 .98 4 .10 2.60 3.89 2.06 3.97 1.61
4506.74 30 ~ .21 4 .3 4 1.24 4 .1 5 .91 4 .17 • 00 vn
4501.27 31 2 .29 3.98 3-39 3.79 2.72 3.80 2 .65
4493.53 18 .41 4 .33 1.30 4 .07 1.19 4 .15 .92
4488.32 115 .79 4 .16 2.16 3.91 1.93 3.96 1.62
4468.49 31 2.31 3 .95 3.58 3-77 2.88 3.77 2.86
4464.46 40 1.15 3.94 3-63 3.73 3.17 3.80 2 .67
4450.48 19 1.38 3.92 3 .7 4 3.81 2.61 3.83 2.42
4443.80 19 2.42 3.94 3.63 3.79 2.76 3.80 2.63
4432.09 51 .11 4 .30 1.42 4 .1 4 .95 4 .19 .81
4421.95 93 .86 4 .2 4 1.69 3.95 1.67 4 .05 1.25
41+18.34 51 1.20 4 .1 4 2.30 3.90 1.97 3.99 1.49
41+17.72 Ho 1.76 4 .02 3.11 3.78 2.81 3.83 2.47
4411.94 61 .90 4 .26 1.59 3-97 1.58 4 .09 1.12
41+11.08 115 .96 4 .28 1.52 3.87 2 .14 3 .94 1.75
4399.77 51 2 .0  7 4 .03 3.10 3.80 2.62 3.86 2 .2 5
4395.85 61 1 .14 4 .13 2 .39 3.91 1.90 3 .99 1.51
4395.03 19 2.4-1 3 .90 3 .85 3 .74 3.09 3.79 2 .70
4394.06 51 1.40 4 .12 2 .44 3.91 1.93 3 .94 1.71
4386.86 104 1.02 4 .08 2 .75 3.82 2.53 3.90 2.00
4350.83 94 1.07 4 .00 3 .25 3.90 1.94 4 .00 1.45
4316.81 94 .75 4 .2 4 1.68 4.01 1.4-0 4 .03 1.34
TABLE A1 ( c o n t . )
4
T i  I I  ( c o n t . )
4 3 1 2 .8 6 41 - 3 .9 6 3 .5 4 3 .7 6 2 .9 9 3.81 2 . 6 0
4 1 7 1 .9 0 105 1 .70 3 .8 7 3 .9 4 3 .7 4 3 .1 3 3 .7 6 2 .9 9
4 1 6 3 .6 4 105 2.01 4 . 0 9 2 .6 3 3 .7 6 2 .9 9 3 .7 7 2 .8 9
V I
4 4 0 6 .6 4 22 1 .4 2 4 . 5 5 .6 4 4 . 4 6 .5 2 4 . 5 7 .31
4 3 8 9 .9 7 22 1 .49 4 . 2 9 1 .4 5 4 . 3 6 .7 3 4 .31 .88
4 1 1 1 .7 8 27 2 .0 6 4 .31 1 .38 4 . 1 9 1 .2 7 4 .21 1 .2 0
4 0 9 3 .5 0 52 -  .3 2 4 . 8 5 .0 7 4 . 4 2 .60 4 . 4 8 .4 7
V I I
4 1 8 3 .4 4 37 1 .4 5 4 . 2 9 1 .46 3-87 2 . 1 4 3 .9 7 1 .5 8
Cr I
4 6 5 2 .1 6 21 1 .52 4 . 3 4 1 .2 5 4 . 3 6 .7 3 4 . 3 0 .91
4 6 5 1 .2 9 21 1 .18 4 . 4 0 1 .02 4 . 4 3 .5 9 4 . 5 0 A5
4 6 4 6 .1 7 21 1 .56 4 . 1 4 2 .2 6 4 .21 1 .2 0 4 . 4 3 .5 7
4 2 7 4 .8 0 1 3 .0 6 3 .9 9 3-35 3 . 9 7 2 .5 0 4 . 0 8 1 .7 5
4 2 5 4 .3 5 1 3 .7 5 4 . 0 5 2 .9 6 3 .8 9 3 .0 7 3 .9 9 2 .3 2
Cr I I
4 8 4 8 .2 4 30 .83 4 . 1 6 2 .1 3 3 .8 9 2.01 3 .9 4 1 .7 2
4634.11 .8 4 4 . 2 2 1 .8 2 3 .9 3 1 .8 0 3 -9 9 1 .4 8
4 6 1 6 .6 4 44 .55 4 . 4 3 .92 3 .9 8 1 .5 6 3-99 1 .5 2
4588 .22 44 1 .10 4 .21 1 .8 5 3 .9 7 1 .5 7 3-90 1 .9 7
4 5 5 8 .8 3 44 -  .1 9 5 .06 -  .23 4 . 7 8 -  . 2 5 4 . 7 5 -  .2 0
4 5 5 8 .6 6 44 1 .1 7 4 . 1 5 2 .2 2 3-87 2 .1 9 3 .8 2 2 .4 8
4555 .02 44 .61 4 .3 0 1 .42 4 . 0 5 1 .2  7 3 -97 1 .5 8
4284.21 31 1 .5 7 4 .2 3 1 .7 6 3-91 1 .9 0 3 . 9 4 1 .7 6
4 2 7 5 .5 7 31 1 .1 2 4 . 1 7 2.11 4 . 0 4 1 .2 9 4 . 0 6 1 .2 2
4 2 6 1 .9 2 31 1 .1 0 4 .0 8 2.71 3 -9 5 1 .6 8 3 .9 8 1 .5 3
4 2 5 2 .6 2 31 .4 9 4 . 3 7 1 .1 3 3 .9 8 1 .5 3 4.01 1 .4 2
TABLE A1 ( c o n t . )
5
Mn I
4 8 2 3 .5 2 16 2 .5 2 4 .11
4 7 6 5 .8 6 21 1 .18 4 . 4 7
4 7 6 1 .5 3 21 1 .18 4 . 5 4
4 7 5 4 .0 4 16 2 .1 9 4 . 2 3
4 7 0 9 .7 2 21 1 .07 4 . 5 2
4 4 5 8 .2 6 28 1 .1 3 4 . 2 4
4 0 5 5 .5 4 5 2.21 4 . 2 5
Fe I
4 8 9 1 .5 0 318 3 .4 5 4 .11
4 8 9 0 .7 6 318 3 .1 2 4 . 1 7
4 8 7 2 .1 4 318 2.81 4 . 1 8
4 8 0 2 .8 8 888
93^
1 .0 4 4 . 5 5
4772.81 $ 1 .49 4 . 3 3
4 7 0 7 .2 8 554 1 .78 4 . 1 5
4691.41 409 1.41 4 .21
4 6 4 7 .4 4 409 1 .29 4 .1 8
4 6 4 3 .4 7 820 1 .03 4 . 3 2
4637 .51 554 1 .33 4 . 2 9
4 6 3 2 .9 2 39 1 .0 7 4 . 2 8
4 6 3 0 .1 3 115 1 .0 3 4 . 4 2
4 6 2 5 .0 5 554 1 .3 4 4 . 2 9
4 6 1 1 .2 9 819
826
1 .7 9 4 . 2 3
4 6 0 2 .9 4 39 1 .7 5 4 . 2 2
4 6 0 2 .0 0 39 .9 8 4 . 4 3
4 5 2 8 .6 2 68 2 .9 6 3 .9 9
4517-53 472 • 94 4 .4 2
2 .5 2 - - 4 . 0 7 1 .83
.83 4 . 4 0 .6 5 4 . 5 6 .31
.6 4 4 . 4 0 .6 5 4 . 5 0 • 43
1 .73 4 . 3 0 .8 8 4 . 3 8 .6 9
.7 0 4 . 4 5 .5 3 4 . 5 9 .26
1 .7 2 4 . 2 3 1 .1 2 4 . 2 6 1 .03
1 .6 7 4 .11 1 .6 o 4 . 2 0 1.21
2.51 3 .9 8 2 . Vo 3 .9 8 2 . 3 9
2 .1 0 4 . 0 4 1 .9 9 4 . 0 4 1 .9 9
1 .9 9 4 . 1 2 1 .5 7 4 .11 1 .58
.62 4 .51 .4 2 4 .5 9 • 27
1 .2 9 4 .41 .6 2 4 . 5 3 • 38
2 .1 9 4 . 1 3 1 .5 2 - -
1 .83 4 . 1 3 1 .5 0 - -
2.01 4 . 1 9 1 .26 4 . 2 7 1 .00
1 .33 4 . 4 6 .5 2 4 .6 8 .1 0
1 .47 4 . 3 4 .7 9 4 . 4 4 .5 7
1 .53 4 . 3 9 . 66 r r
.98 4 .41 .6 2 4.61 .2 2
1 .4 7 4 . 2 5 1 .0 7 4 . 3 4 .7 7
1 .7 7 4 . 2 9 .91 4 . 4 2 .61
1 .8 2 4 . 1 8 1 .2 8 4.31 .8 7
.9 4 4 . 5 3 .3 8 4 .5 8 .2 7
3 .3 2 3 .8 7 3 .2 0 3 .9 7 2 .4 9
.96 4 . 4 6 .51 4 .6 9 .1 0
TABLE A1 ( c o n t . )
6
Fe I  ( c o n t . )
4485 .68 830 1 .1 7 4 .3 4 1 .2 5 ^ .3 3 .82 4 .3 0 .88
44 8 2 .1 7 2 1 .9 5 4 .0 5 2 .9 2 4 .0 0 2 .2 5 4 .0 7 1 .8 5
4476 .02 350 1 .78 4 .1 6 2 .1 5 4 .0 3 2 .0 5 4 .1 6 1.36
4 4 6 6 .5 5 350 2.21 4 .0 9 2 .6 8 3 .9 2 2 .8 5 3 .9 9 2 .3 5
4459 .12 68 2 .0 8 4 .0 2 3 .1 5 3 .9 6 2 .5 6 3 .9 6 2 .5 9
4447 .72 68 2 .7 5 4 .1 9 1 .9 5 4 .1 3 1 .52 4.21 1.20
4 4 4 2 .3 4 68 2.81 4 .0 8 2 .7 0 4 .1 2 1 .5 7 4.11 1.58
44 3 3 .2 2 830 1 .7 5 4 .2 4 1 .7 2 4 .2 2 1 .1 3 4 .2 4 1 .09
4430 .62 68 2 .0 4 4 .1 8 1 .99 H .13 1 .5 0 4 .2 0 1.20
4427.31 2 2 .6 2 4 .0 2 3 .1 7 3 .9 2 2 .8 7 4 .1 0 1.66
4404 .75 41 4 .2 3 3 .8 3 4 .0 9 3 .8 3 3 A 5 3 .8 8 3 .1 ^
4 3 8 9 .2 4 2 1 .1 8 4 .3 6 1 .19 4 .5 4 .3 7 4 .6 8 .11
4388.41 830 1 .8 4 4 .2 5 1 .66 4 .2 3 1 .1 0 4 .2 9 .93
4387 .90 1+76 1 .2 7 4 .2 5 1 .6 4 4 .2 3 1.11 4 .2 8 .9 5
4383-35 41 4.41 3 .8 2 4.11 3 .7 6 3 .7 8 3 .8 6 3 .3 0
43 82 .78 799a 1.76 4 .2 8 1 .5 0 - - 4 .8 5 .*+8
^3 7 5 .9 3 2 2 .6 2 4 .1 4 2.31 4 .0 3 2 .0 7 4 .2 0 1.21
4 3 5 2 .7 4 71 2 .5 3 4 .1 0 2.61 4.01 2 .1 7 4.11 1.61
43 4 8 .9 4 414 1.01 4 .6 3 .4 5 4 .4 6 .5 2 4 .4 6 .51
4325 .76 42 4 .2 0 3-85 4.01 3 .8 2 3 .5 0 3 .8 2 3.51
42 8 5 .4 5 597 2.21 4 .2 3 1 .73 4 .1 8 1 .30 4 .2 4 1 .09
4282.41 71 2 .5 9 4.01 3 .1 9 3 .8 7 3 .2 4 3 .9 4 2 .6 8
4276 .68 976 1.01 4 .4 3 .9 3 4 .4 6 .52 4 .5 3 .38
4271 .76 42 4 .2 2 3 .8 7 3 .8 7 3 .7 9 3 .6 7 ■ 3 .8 8 3 .1 0
4271 .16 152 3 .2 5 4 .0 2 3 .1 7 4 .0 4 2 ,0 0 4 .0 5 1.96
4267.83 482 2 .1 0 4 .1 8 2.01 4 .2 7 1 .00 4 .3 4 .78
42 50 .79 42 3 -7 ^ 4 .0 5 2 .9 3 3 .9 0 2 .9 8 3 .9 7 2.51
4245 .26 352 2 .2 5 4 .1 9 1 .9 5 4 .1 6 1 .38 4 .3 0 .90
4238.82 693 2 .6 3 4 .1 9 1 .96 4 .0 3 2 .0 5 4 .0 2 2.1^f
TABLE A1 ( c o n t . )
7
Fe I  ( c o n t . )
4 2 3 5 .9 4 152 3 .7 4 3-93 3 .6 9 3 .8 5 3-35 3-93 2 .7 7
4 2 2 7 .4 2 689 3 .3 9 4 . 0 0 3 .3 0 3 .8 8 3 .1 7 3 .8 6 3 .2 8
4 2 1 9 .3 6 800 1 .8 4 4 . 1 5 2 .2 2 4 . 0 6 1 .8 7 4 . 1 6 1 .3 7
4 1 8 7 .8 0 152 2.61 3 .9 9 3-35 3 .8 8 3 .1 7 3 .9 9 2 .3 3
4 1 8 7 .0 4 152 3 .1 6 4 .0 6 2 . 8 5 3 .9 3 2 .8 0 4 . 0 4 2 .0 0
4 1 8 4 .9 0 355 1 .82 4 . 2 8 1 .53 4 . 1 6 1 .36 4 . 2 2 1 .1 5
4 i 8 2 .3 8 476a 1 .6 5 4 . 2 6 1 .6o 4 . 2 2 1 .13 .4 3 0 .8 9
4181 .76 354 2 . 6 5 4 . 0 3 3 .0 7 3 .9 2 2 . 8 5 3 .9 6 2 .5 5
4 1 7 5 .6 4 354 2 .0 6 4 . 1 8 2 . 0 4 4 . 0 0 2 . 2 5 4 . 1 2 1 .5 4
4 1 7 4 .9 2 19 1 .93 4 .1 9 1 .97 4 . 1 7 1 .32 4 . 3 2
C
O•
4 1 5 7 .7 9 695 2 .4 o 4 .2 2 1 .82 4 . 1 3 1.51 4 . 1 4 1 .4 4
4 1 4 7 .6 7 42 2 .0 8 4 . 1 3 2 . 3 5 3 . 9 4 2 .7 2 4 .01 2.21
4 1 4 3 .8 7 43 3-96 3 .9 8 3 .3 8 3-79 3 .6 9 3 .8 8 3 .1 2
4 1 4 0 .4 4 694
69 5
1 .2 5 4 . 5 4 .6 5 4 . 3 8 .6 9 4 . 5 5 .3 4
4 1 3 9 .9 3 18 1 .63 4 . 2 3 1 .73 4 . 3 5 .7 5 4 . 3 7 .7 2
4 1 3 4 .6 8 357 2 . 4 5 4 . 0 5 2 .9 3 3 .9 2 2 .8 3 4 . 0 6 1 .87
4 1 3 3 .8 7 698 1 .8 8 4 . 1 3 2 .3 9 4 . 0 7 1 .8 2 4 .1 3 1 .5 0
4 1 3 2 .0 6 43 3 . 8 4 3 .8 9 3 .8 5 3 .7 6 3 .8 0 3 .7 9 3 . 6 4
4 1 1 4 .4 5 357 1 .9 9 4 . 2 6 1 .59 4 . 1 9 1 .2 5 4 .31 .87
4 1 0 7 .4 9 354 2 .4 9 4 . 0 9 2 .6 8 4 . 0 2 2 .1 2 4 . 1 2 1 .56
4 0 9 1 .5 6 3 57 1 .1 4 4 . 6 3 .4 5 4 . 6 8 .11 4 . 6 6 .1 4
4 0 7 9 .8 5 359 1.81 4 . 2 3 1 .7 7 4 . 1 0 1 .6 4 4 . 2 7 .9 8
4 0 7 1 .7 4 43 4 . 2 7 3 .8 9 3 .8 6 3.71 4 . 0 0 3.81 3 .5 7
4 0 6 7 .9 8 559 2 .5 3 4 . 2 0 1 .88 4 .11 1 .62 4 . 1 8 1 .29
4 0 6 3 .6 0 43 4 . 3 6 3-77 4 . 2 7 3 .7 0 4 .0 6 - -
4 0 6 2 .4 5 359 1 .9 7 4 . 0 9 2 .6 5 4 .01 2 . 1 7 4 . 1 2 1 .5 7
4 0 5 1 .9 2 700 1 .5 2 4 .2 6 1 .60 4 .11 1 .62 4 . 0 6 1 .89
4o44 . 6 l 359 2.21 4 .1 2 2 . 4 5 4 . 1 3 1 .52 4 . 2 5 1 .0 4
TABLE A1 ( c o n t . )
8
Fe I I
4 9 2 3 .9 2 42 2 .5 6 3 .9 8 3-37 3 .7 7 2 .9 6 3 .86 2 .2 4
4-893.78 36 -  .1 0 4 . 4 6 .8 4 4 .1 3 .99 4 . 1 4 • 93
4 7 3 1 .4 4 43 1 .2 8 4 . 2 0 1 .8 9 3 .9 0 1 .98 3 .9 6 1 .6 3
4 6 6 3 .7 0 .2 3 4 . 3 7 1 .13 4 .0 2 1 .3 7 4 . 0 5 1 .2 4
4 6 3 5 .3 3 186 .0 2 4 . 6 5 .4 3 4 .11 1 .0 4 4 . 1 4 .9 4
4 6 2 9 .3 4 37 1.41 4 .0 6 2 .8 6 3 .7 8 2 .7 8 3-81 2.61
4620.51 38 .7 7 4 . 3 0 1.41 4.01 1 .4 0 4.01 1 .43
4 5 8 3 .8 3 38 1 .9 0 3 .9 8 3 .4 2 3 .7 0 3-37 3-79 2 .7 2
4 5 8 2 .8 4 37 .7 9 4 . 2 2 1.81 3 .9 4 1 .7 4 3 .9 0 1 .9 5
4 5 7 6 .3 3 38 .9 4 4.21 1 .8 3 3 .9 2 1 .83 3 .9 4 1 .7 5
4 5 4 1 .5 2 38 .9 7 4 .1 2 2 .4 6 3 . 9 5 1.71 3 .9 2 1 .83
4 5 2 2 .6 3 38 1 .4 7 3 .9 0 3 .8 2 3 .7 0 3-37 3.81 2 .61
4 5 2 0 .2 3 37 1 .2 3 4 .0 8 2 .7 3 3 .8 5 2 .2 8 3 .8 9 2 .0 6
4 5 1 5 .3 4 37 1 .3 9 4 . 0 5 2 .9 3 3 .8 6 2 .2 0 3-79 1 .7 2
4 5 0 8 .2 8 38 1 .3 5 4 . 0 4 3 .03 3 .8 7 2 .1 6 3 .8 5 2 . 2 7
4 4 9 1 .4 0 37 1.21 4 . 1 5 2 . 2 4 3-91 1 .89 3.91 1 .8 9
4 4 8 9 .1 8 37 1 .0 3 4 . 0 7 2 .7 7 3-95 1 .67 3 .9 2 1 .8 3
4 4 7 2 .9 2 37 1 .0 7 4 .1 3 2 .3 9 3 .9 6 1 .6 5 3 .9 9 1 .4 9
4 4 1 6 .8 2 27 1 .3 5 4 .1 0 2 .5 7 3 .7 7 2 .8 8 3 .86 2 .2 2
Y I I
4 8 8 3 .6 9 22 .7 9 4 . 1 8 2 .0 2 3 . 8 4 2 .3 7 3 .93 1 .7 9
4 3 0 9 .6 2 5 1.71 3 .8 9 3 .8 6 3 .8 2 2 .4 9 4 . 0 2 1 .3 9
Zr I I
4 4 9 6 .9 6 4o .36 4 . 0 9 2 .6 8 4 . 0 0 1 .4 7 - -
4 4 9 5 .4 4 79 .3 0 4 .4 3 .9 4 4 . 2 3 .71 4 .3 3 .48
4 4 4 0 .4 5 79 .7 7 4.41 .9 9 4 . 2 8
00lr\• 4 .2 8 .5 9
4 1 5 0 .9 7 42 .7 7 4 .2 8 1 .53 4 . 0 3 1.34 4 . 1 7 .8 6
TABLE A1 ( c o n t . )
9
Ba I I
4 9 3 4 .0 9 1 2 .1 9 3 .9 7 3 .4 4 3 .8 4 2 .3 7 4 . 0 8 1 .15
4 5 5 4 .0 3 1 2.71 3 .9 2 3.71 3 .8 2 2 . 5 4 3 .9 2 1 .85
La I I
4 4 2 9 .9 0 38 .4 8 4 .1 2 2 .4 4 4 . 1 0 1 .08 4 .31 .51
4 3 3 3 .7 6 24 .5 8 4 .0 6 2 ,8 6 4 . 0 4 1 .2 8 4 . 2 5 .65
4322.51 25 .0 0 4 .5 6 . 60 4 . 5 7 -  .0 6 4 . 6 9 -  .13
Ce I I
4 6 2 8 .1 6 1 .0 2 4 . 4 3 .9 5 4 . 2 9 .5 6 4 . 3 7 .41
4 5 6 2 .3 6 1 .1 3 4 . 4 2 .96 4 . 4 7 .21 4 . 6 8 -  .11
4486.91 57 -  .0 3 4 .4 6 .86 4 . 3 4 .4 6 - -
4460.21 2 .3 8 4 . 2 5 1 .6 6 4 .2 9 .5 5 4 . 5 6 .06
4 3 9 1 .6 6 81 .8 9 4 .21 1 .8 3 4 . 0 9 1 .1 0 4 .21 .7 4
4 3 8 2 .1 7 2 -  .1 7 4.41 .9 9 4 . 2 8 .5 9 4 .51 .13
4 3 4 9 .7 9 59 -  .2 9 4 .5 8 .56 4 . 2 3 .6 9 4 . 4 7 .21
Sm I I
4 5 1 1 .8 3 14 - 4 .5 6 .61 4 . 3 0 .5 4 4 . 2 7 .61
4 4 2 4 .3 4 45 -  .1 7 4 .3 3 1 .2 9 4 . 3 4 .4 6 4 . 6 5 -  .07
Zn I
4 7 2 2 .1 6 2 1 .0 8 4 . 4 7 .81 4 . 4 4 .5 5 4 . 6 4 .1 7
10
TABLE A2
/3Aqr RYSag
X
C I
M ult. log^o(®) -logW/^ lo g  170 -iogW/5, l o g y o
6 5 8 7 .7 5 22 - 5 .1 5 -  -33 4 .2 7 1 .0 0
0 I
6 4 5 4 .4 8 9 -  .81 - - 4 .9 0 -  .21
6 4 5 3 .6 4 9 -  .81 - - 4 .9 0 -  .21
6 3 6 3 .8 8 1F -1 .1 1 - - 5 .2 0 -  .5 7
6 1 5 6 .7 8 10 -  .4 9 - - 4 .5 7 .3 0
6 1 5 5 .9 9 10 -  .4-0 - - 4 .6 4 .1 7
Na I
6 1 6 0 .7 5 5 .51 4 .6 8 .3 5 4 .3 5 .7 5
6 1 5 4 .2 2 5 • 25 4 .9 5 -  . 06 4 .5 5 .3 3
5895 .92 1 3 .7 4 3 .9 7 3 .4 4 3.71 4 .0 2
588 9 .9 5
Al I
1 3 .9 5 3 .9 2 3.71 3.61 4 .3 5
6 6 9 5 .9 7 5 .3 0 5 .0 3 -  .1 8 4 .8 2 -  .1 0
S i  I
6 5 6 0 .6 9 62 - 5 .0 2 -  .1 7 4 .8 7 -  .1 8
6 2 3 7 .3 4 28 .71 4 .7 6 .21 4 .3 9 . 66
6 1 4 5 .0 8 29 • 39 4 .9 0 -  .0 0 4 .7 3 .0 3
6 1 2 5 .0 3 30 .3 7 4 .9 5 -  .0 8 4 .6 4 .1 7
5948 .58 16 1 .1 3 4 .4 9 .7 7 4 .3 9 . 66
S i  I I
637 1 .3 6 2 .1 9 4 .7 2 .2 8 4 .1 3 .9 8
6 3 4 7 .0 9 2 .6 3 4 .5 6 .61 4 .o 4 1 .3 0
597 8 .9 7 4 - - - 4 .41 .3 3
TABLE A2 ( c o n t . )
11
S I
6757.16 8 .00 4 .93 -  .04 4 .40 .63
674-8.79 8 -  .59 5.13 -  .32 4 .39 .66
6743.58 8 - .19 5.15 -  .34 4.56 .31
6052.66 10 -  .19 - - 4 .6 5 .16
6046.04 10 - .02 - - 4.67 .12
Ca I
6717.68 32 1.37 4 .48 .81 4 .35 .76
6572.78 1 .19 5.01 -  .16 5.41 -  .80
6508.74 18 - .21 5.01 - .16 5.30 -  .69
6499.65 18 .94 4 .60 .51 4.58 .28
6493.78 18 1.61 4.42 .97 4.40 .63
6471.66 18 1.02 4 .60 .51 4.52 .40
6464.70 19 -  .26 5 .24 -  .44 5.11 -  .47
6462.57 18 1.82 4 .2 4 1.72 4.28 .97
6449.81 19 1.15 4 .46 .90 4.49 .45
6439.07 18 2 .00 4 .3 4 1.27 4 .3 5 .76
6169.56 20 1.26 4.43 .94 4.50 .44
6169.06 20 1.05 4 .47 .81 4 .6o .25
6 l6 6 .o 4 20 - 4 .70 .33 4 .94 -  .26
6163.76 20 .55 4 .50 .75 4 .57 .31
6162.17 3 2.78 4 .23 1.74 4 .25 1.06
6122.22 3 2 .58 4 .29 1.48 4 .2 5 1.04
5857A5 47 1.94 4 .28 1.54 4.50 .43
Sc I I
6604.60 19 .34 4.61 .49 4 . 37 .41
6309.90 28 .09 ^ .7 7 .20 4 .29 .56
6300.70 28 -  .45 4 .77 .19 4.55 .08
TABLE A2 ( c o n t . )
12
Sc I I  ( c o n t . )
62 7 9 .7 6 28 .1 3 4 .4 7 .8 4 4 .3 2 •51
6 2 4 5 .6 3 28 .2 9 4 .4 5 .8 8 4 .2 9 .4 0
6599.11 49 -  .2 9 5 .1 0 - .2 7 4 .7 6 -  .00
6 3 6 6 .3 5 103 -  .6 5 5 .0 9 - .26 5 .1 0 -  .4 4
6 2 6 1 .1 0 104 .4 6 4 .7 7 - .1 9 4 .6 6 . 14
6 2 5 8 .1 0 104 .4 8 4 .7 3 .2 5 4 .9 5 -  .2 7
6 0 8 5 .2 3 69 .43 4 .9 0 - .00 5 .o 6 -  .41
5965 .87 154 .2 0 4 .8 7 .03 4 .6 6 .1 5
T i  XI
66 8 0 .2 6 112 - 5 .0 3 - .1 8 4 .4 2 .31
66 0 7 .0 2 91 -  . 26 4 .8 9 .0 0 4 .5 8 .0 3
65 5 9 .5 8 91 -  .1 2 4 .7 3 .26 4.41 .1 7
6491.61 91 .3 7 4 .5 0 .7 4 4 .2 6 .6 2
V I
6 6 0 5 .9 8 48 -  .3 5 5 .1 5 - • 33 4 .4 4 .5 5
6 5 3 1 .4 4 48 -  .5 4 5 .3 5 - .5 7 5 .4 3 -  .8 2
6 5 0 4 .1 6 48 -  .0 2 5.11 - .2 9 5 .4 7 -  .86
6 4 6 6 .9 7 32 -  .5 4 4 .9 0 - .01 5 .3 0 -  .6 9
6 4 5 2 .3 5 48 -  .4 9 5 .4 0 - .6 3 5*37 -  .7 5
6 2 1 6 .3 7 19 .3 0 5 .0 3 - .1 8 5.21 -  .5 7
6 1 9 9 .2 0 19 -  .2 9 5 .1 2 - .3 0 4 .7 2 .0 5
Mn I
6 0 2 1 .8 0 27 1.21 4 .5 6 . 60 4 .6 5 .1 6
6 0 1 6 .6 4 27 1 .1 7 4 .5 7 .5 9 4 .3 2 .83
Fe I
6 7 5 0 .1 5 111 .8 3 4 .6 2 .4 7 4 .6 6 .1 3
6 7 3 3 .1 6 1195 .1 3 5 .1 2 - .3 0 4 .8 7 -  .1 7
6 7 2 6 .6 7 1197 .51 5 .0 4 - .2 0 4 .8 3 -  .11
TABLE A2 ( c o n t . )
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F e  I  ( c o n t . )
6 6 8 1 .3 4 11 55 -  .81 5 .4 9 -  .73 5 .0 3 > .3 7
6 6 7 7 .9 9 268 1 .4 8 4 .4 2 .98 4 .4 5 .5 5
6 6 6 3 .4 5 111 .9 0 4 .5 5 .8 3 4 .2 6 1 .0 3
6639 .71 1195 -  .0 2 5 .0 8 -  .2 5 5 .0 6 -  .4 o
6 6 2 7 .5 6 117^ .1 6 5 .1 6 -  .3 5 4.71 .0 6
6 6 0 9 .1 2 206 .81 4 .7 2 .2 8 4 .8 6 -  .1 5
6 5 9 3 .8 8 168 1.01 4 .6 0 .5 2 4 .6 4 .1 8
6 5 9 2 .9 2 265 1 .4 7 4 .4 3 .9 5 4 .5 8 .2 8
6 5 8 1 .2 2 34 -  .0 5 5 .0 4 -  .1 9 4 .9 4 -  .38
6 5 7 5 .0 2 206 .7 0 4 .6 0 .51 4 .7 9 -  .0 5
6 5 7 4 .2 4 13 .11 4 .8 4 .0 7 4 .9 5 -  .2 8
6 5 4 6 .2 5 268 1 .1 9 4 .4 5 .8 9 4 .4 3 .5 9
6 5 4 3 .9 8 1139 - 4 .9 8 -  .11 4 .9 4 -  .26
6 5 3 3 .9 7 1197 .4 6 4 .8 8 .01 4 .9 2 -  .23
6 5 1 8 .3 5 342 .6 8 4 .6 3 .4 5 4 .6 5 .1 6
6 4 9 8 .9 5 13 .61 4 .7 4 .2 5 4 .9 4 -  .2 6
6 4 9 4 .9 8 168 2 .0 6 4 .3 5 1 .2 3 4 .3 2 .8 3
6 4 8 3 .9 7 34 -  .21 5 .0 5 -  .21 4 .4 7 .4 9
6 4 8 1 .8 8 109 .7 0 4 .6 8 .3 5 4 .4 3 .5 7
6 4 7 5 .6 3 206 .6 2 4 .7 7 .2 0 4.71 .0 5
6469 .21 1258 .5 5 4 .8 2 .11 4 .7 4 .01
6 4 3 0 .8 5 62 1 .2 9 4 .4 2 .9 6 4 .41 .6 2
6 4 2 1 .3 6 111 1 .0 3 4 .4 1 1 .0 0 4 .4 9 .4 7
6 4 1 9 .9 8 1258 1 .0 0 4 .6 3 .4 5 4 .6 2 .22
6 4 1 1 .6 6 816 1 .5 7 4 .4 6 .8 4 4 .5 2 .4 0
6 4 0 8 .0 3 816 .9 4 4 .5 4 .6 5 4 .5 4 .3 8
6 4 0 0 .3 3 13 2 .2 3 4 .2 9 1 .4 5 4 .3 5 .7 5
6 3 9 3 .6 0 168 1 .4 9 4 .3 9 1 .0 6 4 .4 9 .4 7
6 3 8 0 .7 5 1015 .4 8 4 .81 .1 2 4 .7 4 .0 2
TABLE A2 ( c o n t . )
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F e  I  ( c o n t . )
63 6 4 .3 8 1253 .16 4 .9 3 -  .0 4 4 .9 5 -  .2 7
6 3 5 8 .6 9 13 .9 8 4 .6 3 .46 4 .8 4 " .1 3
6 3 5 5 .0 4 342 .71 4 .61 .50 4 .6 9 .0 9
6 3 4 4 .1 5 169 .6 2 4 .7 2 .2 8 4 .6 7 .1 3
6 3 3 8 .9 0 1258 .4 3 4 .7 0 .3 2 4 .7 2 .0 4
6 3 3 6 .8 4 816 1 .4 4 4 .51 .7 2 4 .41 .6 2
6 3 3 5 .3 4 62 1 .22 4 .4 6 .8 4 4 .3 7 .7 2
63 2 2 .6 9 20 7 .9 0 4 .5 5 .6 2 4 .8 7 -  .1 7
6 3 1 5 .3 2 1015 .5 7 4 .6 7 .3 8 4.71 .0 6
6311.51 342 .11 4 .9 0 -  .0 0 5 .1 5 -  .51
6302 .51 816 .9 8 4 .5 7 .5 8 4 .5 6 .31
6 3 0 1 .5 2 816 1 .5 2 4 .4 0 1 .0 3 4 .51 .41
6 2 9 7 .8 0 62 .8 2 4 .61 .5 0 4 .7 3 .0 4
6 2 9 3 .9 2 1260 -  .17 4 .9 6 -  .0 9 4 .7 5 -  .0 0
6 2 9 0 .9 7 1258 .7 8 4 .8 2 .11 4 .7 6 -  .0 0
6 2 9 0 .5 5 208 -  .4 5 4 .9 3 -  .0 4 4 .9 2 -  .2 3
6 2 7 0 .2 4 342 .5 5 4 .6 4 .4 4 4 .4 5 .5 4
6 2 6 5 .1 4 62 .9 4 4 .5 0 .7 4 4 .5 9 .2 5
6 2 5 6 .3 7 169 .9 8 4 .4 9 .7 7 4 .5 9 .2 7
62 5 4 .2 6 111 1 .4 3 4 .4 4 .9 0 4 .4 1 .6 2
62 5 2 .5 6 169 1 .46 4 .3 6 1 .1 9 4 .5 8 .2 8
62 4 6 .3 3 816 1 .5 2 4 .4 5 .8 8 4.41 .61
62 4 0 .6 6 64 .4 5 4 .7 7 .1 9 5 .0 6 -  .41
6232 .66 816 .9 7 4 .5 7 .5 8 4 .8 0 -  .0 6
62 3 0 .7 3 20 7 1 .9 9 4.31 1 .3 8 4 .4 1 .6 2
62 2 9 .2 3 342 .3 3 4.81 .1 3 4 .5 3 .39
62 1 9 .2 9 62 1 .0 5 4 .4 5 .88 4 .4 2 .5 9
6 2 1 3 .4 4 62 .8 5 4 .5 2 .71 4 .5 4 .3 6
62 0 0 .3 2 20 7 .6 9 4 .6 0 .51 4 .6 7 .1 2
TABLE A2 ( c o n t . )
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Fe  I  ( c o n t . )
6 1 7 3 .3 4 62 .7 0 4 .6 0 .5 3 4 .7 6 -  .0 0
6 1 6 5 .3 7 1018 .3 8 4 .8 4 .0 9 4 .8 9 -  .2 0
6 1 5 1 .6 2 62 .4 6 4 .8 2 .1 0 4 .9 3 -  .2 4
6 1 3 7 .7 0 207 1.71 4 .3 2 1 .3 3 4 .41 .61
6 1 3 6 .6 2 169 1 .7 9 4 .2 2 1 .7 8 4 .3 5 .7 6
6127.91 1017
1082
.5 3 4 .9 0 -  .0 0 4 .9 7 -  .3 0
6 0 8 2 .7 2 64 .3 ^ 4 .8 8 .0 2 5 .0 2 -  . 3 5
6 0 6 5 .4 9 207 1 .5 2 4 .3 7 1 .1 6 4 .31 .8 7
6 0 2 7 .0 6 1018 .8 0 4 .6 5 .4 2 4 .4 4 . 55
6 0 2 4 .0 7 1178 1 .5 5 4 .4 2 .9 7 4 .4 7 .4 9
6 0 2 0 .1 7 1178 1 .1 8 4 .4 2 .9 5 4 .51 A 3
5997.81 1175 .8 4 4 .71 .3 0 4 .6 8 .1 0
5987 .06 1260 .9 0 4 .6 2 .4 7 4 .5 2 .4 o
5975 .36 1017 .5 4 4 .7 2 .2 8 4 .8 8 -  .1 8
5934 .66 982 .9 7 4 .5 6 .61 4 .7 3 .0 3
5930 .17 1180 1 .1 0 4 .5 0 . 7b 4 .5 5 .3 3
591 6 .2 5 170 .6 2 4 .61 .51 4 .6 4 .1 7
590 5 .6 7 1181 .7 5 4 .7 8 .1 9 4 .9 9 -  .3 3
5 8 8 3 .8 2 982 1.01 4 .5 6 .61 4 .6 7 .1 2
5862 .36 1180 1 .1 5 4 .5 5 .6 2 4 .5 3 .3 8
5859.61 1181 .9 9 4 .5 8 .5 6 4 .5 4 .3 8
Fe I I
651 6 .0 6 4o .6 8 4 .4 o 1 .02 4 .3 0 .5 4
6 4 8 7 .4 3 203 - 5 .5 6 -  .8 0 4 .8 7 -  .3 6
6 4 3 2 .6 5 4o .3 7 4 .5 2 .6 9 4 .3 3 .4 7
6 4 0 7 .3 0 7b .1 7 4 .8 0 .1 4 4 .5 2 .1 3
6 3 8 6 .7 5 203 - 5 .4 5 -  .6 8 4 .8 5 -  .3 4
6 3 6 9 .4 5 bo .0 0 4 .6 9 .3 3 4 .3 5 A 3
TABLE A2 ( c o n t . )
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Fe I I  ( c o n t . )
6 2 4 7 .5 6 74 .5 8 4 .3 8 1 .10 4 .2 2 .5 7
6 2 3 8 .3 8 74 .4 5 4 .4 9 .7 8 4 .2 9 .5 6
6 1 4 9 .2 4 74 .36 4 .4 8 .7 9 4 .3 0 •53
6 i 4 7 .7 4 74 • 33 4 .4 8 .8 0 4 .2 9 .5 5
6 o 8 4 .11 46 .11 4 .6 8 .3 8 *+. 33 .4 9
Ni I
6 7 7 2 .3 6 127 •53 4 .8 4 .0 8 4 .6 6 .1 4
6 7 6 7 .7 8 57 .91 4 .5 8 .56 4 .5 9 .2 6
6 6 9 0 .8 0 140 -  .81 5 .4 5 -  .6 8 5 .4 6 -  .8 5
6 6 4 3 .6 4 43 1 .03 4 .5 7 .5 9 4 .6 6 .1 5
6 5 9 2 .4 7 248 .0 9 5 .1 9 -  .3 9 4 .6 8 .11
6 5 8 6 .3 3 64 .3 2 4 .7 6 .21 4 .5 4 .3 5
637 8 .2 6 247 .2 2 4 .9 4 -  . 06 4 .8 9 -  .2 0
6 3 7 0 .3 8 127 -  .21 5 .0 4 -  .1 9 4 .8 8 -  .1 9
6 3 6 0 .8 0 229 -  .0 3 5 .0 2 -  .1 7 5 .1 0 -  .4 6
6 3 2 7 .6 0 44 .3 5 4 .9 2 -  .1 2 4 .71 .0 5
6 3 1 4 .6 7 67 .8 0 4 .5 9 .5 3 4 .8 0 -  .0 6
6 2 5 9 .6 2 216 -  .1 0 5.21 -  .41 4 .9 9 -  .3 2
6 2 0 4 .6 4 226 -  .0 2 5 .1 7 -  .3 5 4 .6 5 .1 6
617 6 .8 2 228 .6 2 4 .7 3 .2 7 4 .6 6 . 14
6007.31 42 .1 3 4 .8 8 .03 4 .5 7 .3 0
Ba I I
6 4 9 6 .9 0 2 1 .1 7 4 .1 4 2 .3 2 4 .1 0 1 .0 9
6378.91 12 -1 .1 1 5.51 -  .7 5 5 .0 0 -  .51
6 1 4 1 .7 2 2 1 .5 2 4 .11 2 .4 9 4 .0 3 1 .3 2
La I I
639 0 .4 8 33 -  .9 3 4 .8 9 .0 0 4 .9 6 -  .4 8
629 6 .0 8 -  .5 9 4 .9 3 -  .0 4 4 .8 4 -  .3 2
TABLE A2 (cont.)
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La II (cont.)
6262.30 33 4.84 .09 4.88 - .37
Ce II 
6034.20 30 -1.11 5.01 - .16 4.98 - .50
Eu II 
6645.11 8 - .65 4.97 - .10 4.62 - .03
18
TABLE A3
<*Boo HD116713 yVel
cl
X Mult. 4.ogW/^ lo g r jo  •-logW/^ lOglJO -logW/^
a.
lo g r jo
u
logTJO
Na I  
4 4 9 4 .1 8 15 4 .4 2 1 .56 4 .2 7 2 .0 9 4 .3 4 2 . 7 0 2 .3 8  b
4 6 6 8 .5 6 12 4 .6 5 .7 8 4 .4 8 1 .09 4 .5 6 1 .3 8 1.21 b
Mg I
4 3 5 4 .5 4 13 4 .2 2 2 .8 2 4 .0 9 3 .3 5 - b
4 5 7 1 .1 0 1 4 .1 0 3 .5 8 4 .1 4 2 .9 7 4 .2 8 3-26 2 .8 6
47 0 2 .9 8 11 4 .1 8 3.11 4 .1 5 2 .8 9 4 .3 0 3 .0 7 2 .7 2
4 7 3 0 .0 3 10 4 .5 7 1 .0 0 4 .4 8 1 .0 9 4 .5 7 1-37 1 .1 9
Ca I
4 3 1 8 .6 5 5 4 .2 0 2 .9 9 4 .1 8 2 .6 7 4 .2 6 3 .4 7 3 .0 0
4 4 2 5 .4 4 4 4 .2 0 2 .9 8 4 .1 5 2 .9 4 4 .2 6 3 .4 5 2 .9 9
4 4 3 5 .6 9 4 4 .1 3 3 .4 6 4 .0 7 3 .4 7 4 .1 9 4 .0 2 3 -45
44 5 5 .8 9 4 4 .2 2 2 .8 7 4 .1 3 3 .0 7 4 .2 7 3 .3 4 2.91
4456 .61 4 4 .4 3 1 .5 4 4 .3 9 1 .46 4 .4 8 1 .7 3 1 .53  b
4 5 0 7 .8 4 24 4 .8 2 .3 9 4 .7 3 .4 4 4 .7 0 .8 7 .78  b
4 5 1 2 .2 8 24 4 .7 5 • 53 4 .6 8 .56 4 .6 5 1 .0 4 • 93
4 5 2 6 .9 4 36 4 .4 7 1 .38 4 .41 1 .3 5 4 .4 8 1 .7 5 1 .5 5
4578 .56 23 4 .3 9 1 .72 4 .3 9 1 .4 4 4 .4 9 1 .6 7 1 .48  b
4 5 8 5 .8 7 23 4 .1 8 3 .1 2 4 .1 8 2.71 4 .2 4 3 .6 0 3 .1 0
4 8 4 7 .3 0 50 4 .8 0 .4 2 4 .7 0 .5 2 4 .7 8 .6  7 • 59
Sc I I
4 3 7 4 .4 6 14 4.21 2 .9 2 4 .11 3 .19 4 .2 7 3-3*+ 2.91 b
4415 .56 14 4.21 2 .9 4 4 .1 9 2 .6 6 4 .31 2 .9 9 2 .6 5  b
4 4 3 1 .3 7 14 4 .4 3 1 .5 3 4 .5 0 1 .03 4 .5 3 1.51 1 .32
TABLE A3 ( c o n t . )
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T i  I
433V.84 *+3 4 .4 5 1.43 4 .2 4 2.27 4 .50 1.63 1.44
4417.27 161 4.33 2 .05 4.31 1.80 4 .43 2 .0 4 1.78
4438.23 218 4.51 1.22 4 .50 1.01 4 .5 2 1 .54 1.36 b
4449.14 160 4 .39 1.69 4 .27 2.09 4 .4 2 2 .1 4 1.87
4453-31 113 4.37 1.83 4 .40 1 .bo 4 .5 2 1.57 1.38 b
4453.71 160 4.48 1.33 4 .60 .7 5 4.61 1.20 1.05
4465.81 146 >+.53 1.11 4 .53 .93 4.61 1.20 1.05
4475.52 184 4.86 .31 4 .6 5 . 62 4 .69 .89 .80
448o.6o 146 4 .5 7 1.00 4 .66 .60 4 .5 4 1 .45 1.26 bb
4481.26 146 4 .3 4 1.98 4 .37 1.53 4 .3 3 2.81 2.48 b
4495.01 - 4 .69 .67 4 .5 5 .88 - - b
4503.76 184 4 .80 A 3 4 .8 7 .18 4 .8 7 .47 .40
4512.73 42 4 .3 4 1.98 4 .3 4 1.65 4 .4 8 1.78 1.57
4513.72 112 4.76 .52 4 .53 .93 4 .6 3 1.12 .99
4513.02 42 4 .2 8 2.40 4 .37 1.54 4 .4 5 1.92 1.68
4527.31 42 4 .18 3 .14 4 .1 4 2 .97 4 .33 2 .80 2.47
4534.78 42 4 .2 3 2.77 4 .3 4 1.66 4 .43 2 .02 1.77
4544.69 42 4.21 2.89 4 .1 5 2.92 4.31 2 .95 2.61
4548.76 42 4 .32 2.17 4 .3 7 1 .9 + 4 .46 1 .84 1.62
4617.27 145 4 .48 1.33 4 .62 .70 4 .5 9 1.28 1.12
4623.10 145 4.46 1A 0 4 .5 3 .93 4 .5 9 1.28 1.12
4639.94 145 4 .42 1.58 4 .4 7 1.13 4 .5 9 1 .27 1.11 b
4656.05 145 4.52 1.18 4 .49 1.05 4 .57 1.36 1.19 b
4656.47 6 4 .32 2.12 4 .4 3 1.28 4 .5 0 1.64 1 .45  b
4675.12 77 4.53 1.14 4 .53 . 9*+ 4 .6 6 .99 .88 b
4681.91 6 4 .23 2.77 4.21 2.49 4 .3 4 2 .69 2 .37  b
4722.60 75 4 .53 1.12 4 .6 2 .70 4 .6 5 1.02 .91 b
4734.68 233 4 .89 .26 4 .7 0 .52 4.81 .61 .53 b
4742.13 202 4 .7 5 .54 4 .73 M 4 .73 .80 .72 b
TABLE A3 ( c o n t . )
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Ti I  ( c o n t . )
471+7.68 233 4 .6 5 .7 8 4 .6 5 .6 3 4 .6 5 1 .0 3 .9 2
4758 .91 41 4 .61 .8 7 4 .7 9 .3 2 4 .7 4 .7 6 .6 9  b
4 7 5 9 .2 7 233 4 .61 .8 8 4 .6 2 .6 9 4 .6 3 1.11 • 98
4 7 7 1 .1 0 41 4 .5 8 .9 6 4 .6 6 .5 9 4 .6 3 1 .1 3 .9 9
4 7 7 8 .2 6 232 4 .8 4 .3 4 4 .91 .1 3 4 .8 9 .44 • 37
4796.21 260 4 .6 5 .7 7 4 .7 7 .3 7 4 .7 4 .7 7 .7 0  b
4 8 0 5 .4 2 260 4 .7 0 .6 4 4 .7 4 A 3 4 .7 6 .71 .6 4  b
4 8 1 2 .2 4 260 4 .6 6 .7 5 4 .71 .5 0 4 .7 0 .8 7 .7 8
4820 .41 126 4 .5 4 1 .0 8 4 .5 6
It
s
O
O• 4 .6 0 1 .2 4 1 .0 8
4 8 4 0 .8 7 53 4 .4 2 1 .5 6 4 .5 9 .7 6 4.61 1 .1 9 1 .0 5
4856.01 231 4 .5 0 1 .2 4 4 .5 6 .8 4 4 .61 1 .2 0 1 .0 5  b
4 8 7 0 .1 3 231 4 .51 1.21 4 .5 8 .7 9 4 .6 4 1 .0 6 .9 4
Ti I I
4 3 3 7 .9 2 20 4 .2 0 3 .0 0 4 .1 2 3 .1 2 4 .0 9 4 .4 5 3 .91  b
4 3 9 5 .8 5 61 4 .4 o 1 .6 4 4 .2 3 2.31 4 .4 0 2 .2 5 1 .9 8  b
4 3 9 9 .7 7 51 4 .2 1 2 .9 4 4 .1 0 3 .2 6 4 .1 3 4 .2 9 3 .7 3  b
4 4 1 7 .7 2 4o 4 .31 2 .2 0 4 .2 7 2 .0 5 4 .3 0 3 .0 6 2 .71
4 4 1 8 .3 4 51 4 .3 5 1 .9 6 4 .3 3 1 .7 3 4 .3 7 2 .5 0 2 .2 0
4 4 2 1 .9 5 93 4 .4 9 1 .2 6 4 .4 8 1.11 4 .4 6 1 .8 9 1 .6 5  b
4 4 4 3 .8 0 19 4 .1 9 3 .0 8 4 .1 7 2 .7 5 4 .2 2 3.81 3 .2 7
4 4 6 4 .4 6 40 4 .2 4 2 .6  7 4 .1 8 2 .6 9 4 .2 4 3 .6 0 3 .1 0  b
4 4 6 8 .4 9 31 4 .1 6 3 .2 6 4 .0 2 3 .7 2 4 .1 8 4 .0 8 3.51
4 4 7 0 .8 6 4o 4 .4 4 1 .4 8 4 .3 2 1 .7 4 4 .3 9 2 .3 2 2 .0 4
4 4 9 3 .5 3 18 4 .5 4 1 .0 9 4 .4 3 1 .3 0 4 .5 0 1 .6 3 1 .4 5  b
4 5 0 1 .2 7 31 4 .18 : 3 .1 4 4 .1 4 2 .9 8 4 .21 3 .8 8 3 .3 2
4 5 3 3 .9 7 50 4 .1 8 3 .1 4 4 .1 3 3 .0 4 4 .1 6 4 .1 8 3.61
4 5 4 9 .6 2 82 4 .0 4 3 .8 9 3 .9 9 3 -8 5 3 .9 5 4 .9 0 4 .3 9
4 5 6 3 .7 6 50 4 .2 3 2 .7 5 4 .2 4 2 .2 4 4 .2 4 3 .6 5 3 .1 4
4568.31 60 4 .6 0 .8 9 4 .6 8 • 55 4 .61 1 .1 7 1 .0 3
TABLE A3 ( c o n t . )
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T i I I  ( c o n t . )
4 5 7 1 .9 7  82 4 .21 2 .9 2 4 .1 8 2 .6 7 4 .1 8 4 .0 6 3 .4 9  b
4 5 8 3 .4 4 39 4 .5 9 .91 4 .6 3 .6 7 4 .5 4 1 .4 7 1 .28 b
4 5 8 9 .9 6 50 4 .4 7 1 .3 8 4 .5 2 .9 5 4 .4 9 1 .6 7 1 .4 8
4 6 3 6 .3 4 33 4 .7 5 .5 3 4 .7 0 .5 2 4 .6 7 .9 8 .8 7
4 7 0 8 .6 6 *+9 4 .5 4 1 .1 0 4 .5 3 .9 ^ 4 .5 0 1 .6 4 1 .4 6 b
4 7 6 4 .5 4 >+8 4 .6 4 .81 4 .6 5 .6 3 4 .5 6 1 .3 9 1.21 b
4 7 7 9 .9 9 92 4 .6 3 .81 4 .6 2 .6 9 4 .61 1 .1 7 1 .0 3
4 8 0 5 .1 0 92 4 .4 7 1 .3 7 4 .4 4 1 .2 4 4 .4 9 1 .6 8 1 .4 9
4 8 6 5 .6 2 29 4 .6 4 .8 0 4 .71 .5 0 4 .6 5 1 .0 2 .91 b
4 9 1 1 .2 9 11*f 4 .7 5 • 53 4 .6 6 .5 9 - - -
V I
4 3 3 0 .0 2 5 4 .3 2 2 .1 4 4 .2 5 2 .1 7 4 .4 2 2 .1 0 1 .8 3
4 3 3 2 .8 2 5 4 .2 9 2 .3 3 4 .1 2 3 .1 2 4 .3 3 2.81 2 .4 8 b
4341 .01 5 4 .1 9 3 .0 2 4 .0 9 3 .3 6 4 .2 7 3 .3 6 2 .9 3 b
4 3 6 1 .4 0 T 4 .5 9 .9 3 4 .4 0 1 .4 0 4 .6 3 1.11 .9 8
4 3 7 9 .2 4 22 4 .0 9 3 .6 4 4 .1 6 2 .8 6 4 .3 6 2 .5 5
JrC\J•CM b
4 3 8 9 .9 7 22 4 .1 0 3.61 4 .0 4 3.61 4 .2 4 3 .6 2 3 .1 2 b
4 4 o 6 .15 40 4 .1 4 3-41 4 .1 5 2 .9 3 4 .3 3 2 .8 2 2 .4 9
4 4 1 6 .4 7 22 4 .2 3 2 .8 0 4 .2 0 2 .5 8 4 .4 0 2 .2 8 2 .0 0
4 4 1 9 .9 4 21 4 .5 0 1 .2 3 4 .5 8 .7 9 4 .6 2 1 .1 5 1 .0 2 b
4426 .01 22 4 .21 2 .8 8 4 .3 3 1 .7 0 4 .4 5 1 .9 3 1 .6 8 b
4 4 2 8 .5 2 21 4 .3 6 1 .8 9 4 .2 4 2 .2 8 4 .4 3 2 .0 8 1 .8 2 b
4 4 4 1 .6 8 21 4 .1 9 3 .0 2 4 .2 0 2 .5 7 4 .3 2 2 .8 9 2 .5 6
4444.21 21 4 .2 6 2 .5 6 4 .0 9 3 .3 6 4 .31 2 .9 6 2 .6 2
4452.01 87 4 .4 6 1 .3 9 4 .5 0 1 .0 4 4 .5 6 1 .3 7 1 .2 0
4 4 5 9 .7 6 21 4 .2 6 2 .5 8 4 .31 1 .8 4 4 .4 8 1 .7 5 1 .5 5
4 5 2 4 .2 2 99 4 .7 6 .5 2 4 .5 9 .7 7 4 .6 3 1 .1 0 .9 8
4 5 7 7 .1 7 4 4 .3 7 1.81 4 .3 5 1 .6 2 4 .5 3 1.51 1 .3 3
4 5 8 0 .3 9 4 4 .2 6 2 .5 7 4 .3 1 1.81 4 .4 2 2 .1 3 1 .8 7
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V I (c o n t .)  
4586.36 4 4 .2 4 2.72 4 .33 1.72 4 .4o 2 .24 1.96
4594.10 4 4.21 2.88 4 .14 2.98 4.33 2.76 2.44-
4624.40 39 4 .83 .36 4 .77 •37 4.79 .65 .57
4635.18 4 4 .59 • 94 4 .77 • 37 4 .7 4 .76 .68
4670.48 39 4 .36 1.88 4 .29 1.91 4 .45 1.95 1.70 b
4721.52 108 5.20 -  .21 5.03 -  -05 - - -
4751.57 94 4 .9 4 .18 4 .79 • 32 4 .75 .74 .66
4796.93 113 4 .8 0 > 3 4 .66 .60 4.81 .60 • 53 b
4827.46 3 4 .3 4 2.01 4 .4 7 1.13 4 .65 1.03 • 92
4831.64 3 4 .4 5 1 A 3 4 .5 4 • 90 4 .6 4 1.07 • 95 b
4832.43 3 4 .3 5 1-93 4 .4o 1.4-1 4 .58 1.33 1.16 b
4851.48 3 4.38 1.76 4 .42 1.30 4 .62 1.14 1.00
4864.74 3 4 .43 1.51 4 .5 4 • 91 4 .6 5 1.02 .91
4875.46 3 4 .3 7 1.79 4 .4 4 1.24 4.61 1.19 1.05
4881.55 3 4 .14 3-39 4.31 1.80 4 .4 5 1.95 1.70
4932.03 50 4 .79 .45 4 .6 8 • 56 4 .8 4 .53 .46
V I I
4322.02 17 5.02 .04 4 .8 4 .24 - - -
Cr I
4337.57 22 4 .16 3.25 4 .03 3.64 4.11 4.38 3 .84  b
4346.83 104 4.59 .93 4 .48 1.09 4 .53 1.53 1.35 b
4357.52 198 4.76 .51 4 .6 0 • 74 4 .59 1.26 1.10
4371.28 22 4 .13 3.46 4 .0 4 3.60 4 .22 3.77 3 .24  b
4379.78 130 4.61 .88 4 .4 4 1.25 4.51 1.59 1,4o b
4411.09 129 4 .4 7 1.36 4 .2 5 2.23 4 .43 2.05 1.79
4432.17 81 4 .3 7 1.80 4 .4 9 1.06 4.51 1.59 1.40
4458.54 127 4 .5 5 1 .04 4.51 .98 4 .5 5 1.43 1.24
4475.3^ 95 4 .7 3 .57 4 .6 8 .56 - - -
TABLE A3 (co n t . )
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Cr I ( co n t . )
>+496.86 10 4 .1 8 3 .1 ^ 4 .0 9 3 .3 2 4 .2 3 3 .6 9 3 .1 7
4 5 0 0 .3 0 150 4 .4 9 1 .29 4 .4 5 1 .2 2 4 .51 1 .5 8 1 .4 0
4 5 2 1 .1 4 2 77 4 .5 3 1.11 4 .4 9 1 .0 7 4 .4 4 2 .0 0 1 .7 5  b
4 5 2 6 .4 7 33 4 .1 5 3.31 v .1 3 3 .0 3 4 .2 5 3 .51 3 .0 3
4 5 3 9 .7 9 33 4 .5 3 1 .1 2 4 .3 5 1 .6 2 4 .4 4 2 .01 1 .7 6  b
4 5 4 5 .9 6 10 4 .3 8 1 .76 4 .3 6 1 .5 8 4 .4 6 1 .8 8 1 .6 4
4 5 8 0 .0 6 10 4 .1 8 3 .1 6 4 .2 3 2 .3 4 4 .3 3 2 .81 2 .4 9
4 5 9 1 .3 9 21 4 . 3 1 2 .2 2 4 .3 7 1 .5 2 4 .4 2 2 .11 1 .8 5
4 6 0 4 .5 8 190 4 .71 .6 3 4 .5 6 .8 6 4 .6 0 1 .2 4 1 .0 9  b
4 6 1 6 .1 4 21 4 .3 8 1 .7 4 4 .3 6 1 .5 8 4 .4 5 1 .9 2 1 .68
4 6 2 2 .4 9 233 4 .71 .61 4 .61 .71 4 .61 1 .1 9 1 .0 5
4 6 2 6 .1 9 21 4 .3 9 1-73 4 .4 4 1 .2 5 4 .4 8 1 .7 6 1 .5 5  b
4 6 3 2 .1 8 171 5 .1 3 -  .11 4 .8 2 .2 7 4 .8 5 .5 0 .4 3
4 6 4 6 .1 7 21 4 .2 3 2 .7 9 4 .2 5 2 .1 9 4 .3 4 2 .7 0 2 .3 8
4 6 5 1 .2 8 21 4 .4 2 1 .5 5 4 .3 6 1 .5 8 4 .4 6 1 .8 8 1 .6 4
4 6 5 2 .1 6 21 4 .3 5 1.91 4 .3 6 1 .5 6 4 .4 5 1.91 1 .6 7
4 6 6 3 .8 3 186 4 .6 0 .9 0 4 .4 6 1 .1 6 4 .5 2 1 .5 5 1 .3 6
4 6 8 9 .3 7 186 4 .6 4 .81 4 .5 2 .9 6 4 .5 9 1 .2 5 1 .1 0
4 6 9 7 .0 6 62 4 .6 6 .7 4 4 .4 4 1 .2 5 4 .6 0 1.21 1 .0 6  b
4700 .61 62 4 .8 5 .3 3 4 ,8 7 .1 8 4 .8 3 .5 5 .4 8  b
4 7 0 1 .9 2 170 5 .0 3 .0 3 4 .5 2 .9 5 4 .6 7 .9 7 .8 7  b
4 7 0 8 .0 4 186 4 .6 7 • 71 4 .4 6 1 .1 6 4 .5 9 1 .2 5 1 .0 9  b
4 7 1 8 .4 3 186 4 .61 .8 8 4 .4 5 1.21 4 .5 7 1 .3 6 1 .1 9
4 7 2 4 .4 2 145 4 .6 6 .7 5 4 .4 9 1 .0 6 4 .5 4 1 .4 8 1 .2 9  b
4730 .71 14-5 4 .6 3 .8 2 4 .5 4 .9 0 4 .5 9 1 .2 9 1 .1 2
4 7 3 7 .3 5 145 4 .5 5 1 .06 4 .4 7 1 .1 3 4 .5 2 1 .5 4 1 .3 6  b
4 7 5 4 .7 4 168 4 .71 .6 2 4 .6 9 .5 4 4 .6 4 1 .0 9 .9 6
4756.11 145 4 .6 3 .8 2 4 .5 5 .8 7 4 .5 7 1 .3 6 1 .1 9
4 7 6 7 .8 6 231 5 .0 9 -  .0 5 4 .81 .2 9 - - b
TABLE A3 ( c o n t . )
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Cr I  ( c o n t . )
4 7 7 4 .5 6 124 5.51 1 • vn CO 5 .5 2 -  . 6 6 5 .20 -  .0 8 -  .1 2
>+790.34 31 4 .9 0 .2 4 4 .8 8 .1 7 4 .7 9 .6 5 .5 8
4792 .51 168 4 .4 6 1.41 4 .5 0 1 .0 2 4 .4 8 1 .7 5 1 .5 5
4 8 0 6 .2 6 61 4 .8 8 .2 8 4 .8 2 .2 8 4 .8 3 .5 5 .4 8
4 8 1 4 .2 6 144 4 .8 9 .2 6 4 .7 4 .1+2 4 .7 5 .7 3 .6 5  b
4 8 2 8 .6 6 31 4 .8 9 .2 5 4 .7 0 .5 2 4 .8 8 .4 6 .3 9
4 8 2 9 .3 8 31 4 .4 6 1 .4 0 4 .4 9 1 .0 7 4 .5 7 1 .3 6 1 .1 9
4 8 3 6 .8 6 144 4 .9 3 .1 9 4 .8 2 .2 7 4 .9 5 .31 .2 5  b
4 8 6 0 .3 7 31 5.01 .06 4 .7 2 .1+6 4 .6 3 1 .0 9 .9 7  b
4 8 7 0 .8 0 143 4 . 56 1 .0 4 4 .4 7 1.11+ 4 .5 6 1 .3 9 1.21
4 8 8 7 .0 3 143 4 .4 2 1 .5 9 4 .4 4 1 .2 2 4 .5 4 1 .4 5 1 .2 6  b
4 9 2 0 .9 5 143 4 .5 9 .9 4 4 .5 0 1.01+ 4 .5 5 1 .4 3 1 .2 5
4 9 2 2 .2 7 143 4 .5 3 1 .1 3 4 .6 3 .6 7 4 .6 5 1 .0 4 .9 3
4 9 3 0 .1 8 259 5 .1 5 -  .1 4 4 .8 7 .1 9 - - b
4 9 3 6 .3 3 166 4 .6 7 .71 4 .6 3 • 66 4 .7 0 .8 6 .7 7
4 9 4 2 .5 0 9 4 .4 3 1 .5 4 4 .4 9 1 .0 7 4 .6 4 1 .0 5 .9 4
Gr I I
4 5 5 8 .6 6 44 4 .7 0 .6 5 4 .3 9 1 .4 6 1+.1+1 2 .1 8 1.91
4 5 8 8 .2 2 44 4 .7 8 .4 7 4 .5 8 .81 4 .5 6 1 .38 1 .2 0
4 5 9 2 .0 9 1+4 4 .7 9 .4 5 4 .7 0 .51 4 .5 8 1 .30 1 .1 4  b
4 6 16 .6 4 ¥+ 4 .9 2 .2 0 4 .6 8 .5 7 4 .6 6 1.01 .9 0
Mn I
4 4 1 1 .8 8 - 4 .3 3 2 .0 3 4 .2 0 2 .5 9 4 .3 8 2 .4 3 2 .1 3  b
4 4 5 1 .5 9 22 4 .4 4 1 .49 4 .4 o 1 .3 9 4 .4 5 1 .90 1 .6 6
4 4 5 3 .0 0 22 4 .5 0 1 .2 5 4 .41 1 .3 7 4 .4 9 1 .6 8 1 .4 9  b
4 4 5 5 .3 2 28 4 .3 5 1 .9 0 4 .3 5 1 .6 2 4 .4 7 1.81 1 .5 9  8
4 4 5 7 .0 4 28 4 .6 0 .91 4 .4 9 1 .0 7 4 .5 6 1.41 1 .2 3  b
4 4 7 0 .1 4 22 4 .5 9 .9 2 4 .5 0 1.01 4 .5 5 1 .42 1 .2 4  b
TABLE A3 (c o n t .)
Mn I  ( c o n t . )
4502.22 22 4 .58 .97 4 .4 4 1.25 4.51 1.58 1.40 b
4578.04 - 5.04 .02 4.59 .78 - - b
4671.69 21 4 .93 .18 4 .6 5 .62 4.71 .84 .76 b
4709.72 21 4 .53 1.12 4 .4 5 1.21 4 .50 1.65 1.46 b
4739.11 21 4 .62 .84 4 .56 .84 4 .5 9 1.25 1.10
4754.04 16 4.31 2.21 4 .3 5 1.60 4 .4 4 1.98 1.72
4761.53 21 4.61 .88 4 .52 .96 4 .52 1.54 1.36
4765.86 21 4 .62 .84 4 .57 .81 4 .5 4 1.46 1.27 b
4766.43 21 4 .36 1.89 4 .40 1.42 4 .48 1 .75 1.55
4783.42 16 4 .2 5 2 .65 4 .27 2 .05 4.41 2.21 1.94
4823.52 16 4 .28 2 .40 4 .23 2.31 4 .32 2 .84 2.51
Fe I
4325.76 k 2 3.60 5.09 3 .54 5.08 3 .75 5.40 5.02
4327.92 597 4.38 1.76 4 .1 4 3.02 4 .32 2 .85 2.52
4337.05 41 3.97 4 .15 3-98 3.89 4 .03 4 .6 3 4.11
4338.26 70 4.327 2 .12 4 .20 2.56 ^•33 2.81 2.49
4347.24 2 4 .32 2.12 4 .2 4 2 .25 4 .42 2.12 1.86 b
4348.94 4 l4 4 .58 .95 4. 51 .99 4 .5 5 1.41 1.23
4360.81 903 4 .4 3 1.51 4 .3 2 1.77 4 .48 1 .74 1 .54
4365.90 415 4 .52 1.15 4.51 .99 4.58 1.29 1.13
4367.58 4 l4 4 .09 3-65 3-95 4 .0 0 4 .10 4 .42 3.88 b
4367.91 41 4 .09 3-65 4 .03 3 .64 4 .2 3 3.70 3.18 b
4369.77 518 4 .16 3.26 4.01 3.76 4 .20 3.93 3.36
4373-56 214 ^•33 2 .07 4 .1 8 2.68 4 .3 5 2 .66 2 .35
4375.93 2 3.97 4 .15 3.98 3.89 4 .19 4 .0 3 3.46
4376.78 471 4.51 1.22 4.41 1.36 4 .5 4 1.48 1.29
4377.80 645 4.61 .87 4 .56 .84 4 .62 1.13 1.00
4383.55 41 3.49 5-33 3.50 5.19 3.69 5 .55 4 .93  b
4387.90 476 4.32 2.13 4 .2 0 2.59 4 .3 5 2.62 2 .30  b
TABLE A3 ( c o n t . )
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Fe I  ( c o n t . )
*+388.41 830 4 .3 6 1 .8 5 M 3 1 .7 0 4 .3 9 2 .3 5 2 .0 6
4 3 8 9 .2 4 2 4 .1 8 3.11 4 .2 2 2 .3 9 4 .3 9 2 .3 5 2 .0 7
4 3 9 0 .4 6 413 4 .3 5 1 .9 2 4 .0 9 3 -3 5 4 .2 9 3 .1 6 2 .7 9  b
4 3 9 2 .5 8 973 4 .71 .6 3 4 .5 7 .81 4 .5 6 1 .3 8 1.21
4 4 o 4 .75 41 3 .5 9 5 .1 2 3-59 4 .9 9 3 .6 4 5 .6 8 4 .9 1  b
4 4 1 5 .1 3 41 3 -82 4 .5 6 3 .8 2 4 .41 3 .8 4 5 .1 7 4 .6 5
4 4 2 2 .5 7 350 4 .2 0 3.01 4 .1 1 3 .21 4 .2 2 3.81 3 .2 7
4 4 2 3 .1 4 412 4 .2 9 2 .3 2 M 3 1.71 4 .3 2 2 .8 6 2 .5 2
4 4 2 3 .8 6 830 4 .5 6 1 .0 2 >+.53 .9 4 4 .4 7 1 .8 5 1 .6 2
4427.31 2 3 .9 4 4 .2 4 3.91 4 .1 3 3-99 4 .7 6 4 .2 5
4 4 3 0 .6 2 68 4 .1 5 3 .3 6 4 .1 4 2 .9 7 4 .2 2 3-82 3-28
4 4 3 2 .5 7 79 7 4 .6 5 .7 6 4 .5 9 .7 7 4 .5 7 1 .3 6 1 .1 9
4 4 3 3 .2 2 830 M 3 2 .0 5 4 .3 2 1 .7 7 4 .3 7 2 .5 0 2 .2 0
4 4 3 6 .9 3 516 4 .5 0 1 .2 4 4 .5 6 .8 5 4 .5 1 1 .6 0 1 .4 2
4 4 4 2 .3 4 68 4 .0 8 3-70 3-99 3 .8 3 4 .0 8 4 .5 0 3 .9 7
4 4 4 2 .8 4 69 M l 2.21 4 .2 3 2 .3 3 4 .2 9 3 .1 2 2 .7 6  b
4 4 4 3 .2 0 350 4 .3 2 2 .1 2 4 .2 7 2 .0 4 4 .2 8 3 .2 5 2 .8 5  b
4 4 4 5 .4 8 2 4 .3 7 1 .8 0 4 .4 8 1 .0 8 4 .5 6 1 .3 8 1.21
4 4 4 6 .8 4 828 4 .4 0 1 .6 5 4 .3 8 1 .4 9 4 .4 2 2 .1 0 1 .8 3
4 4 4 7 .1 3 69 4 .4 6 1 .42 4 .3 9 1 .4 4 4 .4 6 1 .8 8 1 .6 5  b
4 4 4 7 .7 2 68 4 .1 4 3 .4 2 4 .1 0 3 .2 6 4 .2 2 3 .7 9 3 .2 5
4 4 5 4 .3 8 350 4 .2 8 2 .4 3 4 .2 0 2 .5 6 4 .2 7 3*33 2 .91  b
4 4 5 6 .3 3 516 4 .3 5 1.91 4 .2 2 2 .4 4 4 .3 7 2 .4 7 2 .1 7  b
4 4 5 9 .1 2 68 4 .01 3 .9 9 3 .9 9 3 .8 2 4 .0 6 4 .5 4 4 .01
4 4 6 1 .6 5 2 4 .0 2 3 .9 4 4 .0 6 3-53 4 .1 5 4 .2 0 3 .6 3
4 4 6 6 .5 5 350 4 .1 0 3 .6 0 4 .11 3 .2 3 4 .1 5 4 .2 3 3 .6 7
4 4 7 6 .0 2 350 4 .2 2 2.81 4 .1 8 2 .6 8 4 .2 5 3 .5 4 3 .0 5
4 4 7 8 .0 4 69 4 .7 2 .6 0 4 .7 4 .4 3 4 .6 3 1 .0 9 .9 7
4479 .61 828 4 .2 9 2 .3 4 4 .31 1 .8 4 4 .3 8 2 .3 8 2 .0 9
TABLE A3 ( c o n t . )
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Fe I  ( c o n t . )
4 4 8 0 .1 4 515 4 .2 9 2 .3 6 4 .
4 4 8 1 .6 2 827 4 .5 7 1.01 4 .
4 4 8 2 .1 ? 2 3 .9 5 4 .21 3-
4 4 8 5 .6 8 830 4 .51 1.21 4 .
4 4 8 5 .9 7 825 4 .8 7 .2 9 4 .
4 4 8 9 .7 4 2 4 .1 6 3 .2 5 4 .
4 4 9 4 .5 7 68 4 .0 5 3 -8 5 4 .
4 5 0 2 .5 9 796 4 .8 6 • 32 4 .
4 5 0 4 .8 4 555 4 .61 .8 8 4 .
4509 .31 514 4 .6 6 .7 3 4 .
4 5 1 7 .5 3 472 4 .4 4 1 .4 7 4 .
4 5 2 7 .8 0 641 4 .6 6 .7 4 4 .
4 5 2 8 .6 2 68 3 .9 3 4 .2 8 3.
4531 • 15 39 4 .0 7 3 -7 5 4 .
4 5 3 1 .6 3 555 4 .5 6 1 .0 3 4 .
4536 .51 896 4 .9 8 .11 4 .
4 5 3 8 .7 6 115 4 .4 3 1 .5 4 4 .
4 5 4 7 .0 2 39 4 .2 8 2 .3 8 4 .
4 5 4 7 .8 5 755 4 .4 7 1 .3 6 4 .
4 5 5 0 .8 0 - 4 .6 7 • 71 4 .
4 5 5 1 .6 7 972 4 .8 5 • 33 4 .
4 5 5 6 .9 4 638 4 .8 3 • 38 4 .
4558 .11 894 4 .71 .6 2 4 .
4 5 6 0 .1 0 823 4 .3 8 1 .7 8 4 .
4 5 6 4 .7 2 823 4 .4 6 1 .4 2 4 .
4 5 6 6 .9 9 723 4 .6 7 .7 2 4 .
4 5 6 8 .7 9 554 4 .4 4 1 .4 8 4 .
4 5 7 2 .8 6 819 4 .8 6 .31 4 .
4 5 7 5 .8 0 593 4 .8 9 .2 6 4 .
1 .8 5 4 .3 2 2 .8 6 2 .5 3  b
.8 0 4 .5 5 1 .41 1 .2 3  b
3 .9 6 4 .0 4 4 .61 4 .1 0
1 .2 9 4 .4 8 1 .7 6 1 .5 5  b
.3 8 4 .7 1 .8 5 .76
2 .4 3 4 .3 1 2 .9 9 2 .6 5
3 .7 8 4 .0 4 4 .6 2 4 .1 0  b
.2 5 4 .6 8 .9 4 .8 4
• 93 4 .5 3 1.51 1 .3 3
1 .18 4 .5 6 1 .3 8 1 .2 0  b
1 .8 2 4 .4 6 1 .8 9 1 .6 5  b
.8 8 4 .6 0 1.21 1 .0 6
4 .2 5 3 .9 0 5.01 4 .5 0
3.71 4 .1 8 4 .1 0 3 .4 8  b
1 .4 6 4 .5 2 1 .5 ^ 1 .36
.6 2 4 .71 .8 5 .7 6
1 .19 4 .4 7 1 .7 9 1 .5 8  b
2 .0 7 4 .3 5 2 .6 2 2 .3 0
1 .1 7 4 .4 8 1 .7 6 1 .5 6
1.01 4 .5 8 1.31 1 .1 4
.-48 4 .6 8 .9 5 .8 5
[>-
O
O• 4 .61 1 .1 9 1 .0 4  b
.6  7 4 .5 9 1 .2 7 1.11
1 .k b 4 .4 4 1 .9 6 1.71 b
1 .4 7 4 .4 3 2 .0 4 1 .7 8
.8 5 4 .5 4 1 .4 6 1 .2 8
1 .2 8 4 .4 6 1 .8 5 1 .6 2
.7 0 4 .7 3 .7 9 .71 b
.5 2 4 .6 8 .9 4 .8 4
30
58
96
*+3
76
22
00
84
53
b6
31
55
88
02
39
65
45
27
46
51
71
55
63
39
38
56
43
62
70
TABLE A3 ( c o r i t . )
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Fe X ( c o n t . )
4579.34 319 4 .67 .71 4.53 .93 4.58 1.31 1.14
4-584.82 822 4 .43 1.54 4 .39 1 A3 4.43 2 .0 4 1.78
4587.13 795 4.49 1.27 4.53 .92 4.53 1.51 1.32
4592.66 39 4 .16 3.29 4 .15 2.88 4 .25 3 .57 3.07
4594.96 638 4 .70 .64 4 .58 .80 4.61 1.19 1 .04  b
4595.36 594 4 .38 1.76 4 .33 1.71 4.41 2 .22 1.94 b
4596.06 820 4 .42 1.57 4 .39 1 A 3 4 .45 1.92 1.67
4596.43 823 4 .77 .48 4 .77 .38 4 .65 1.02 .91
4598.74 819 4.99 .09 4 .77 .38 4 .90 .40 .33
4602.94 39 4 .20 2.98 4.21 2A 7 4.31 3.00 2.66
4604.23 348 4 .80 .43 4.56 .86 4 .68 .94 .84  b
4607.66 554 4 .4 9 1.28 4.48 1.10 4 .5 5 1 .44 1.26
4611.28 826 4.21 2.92 4 .17 2.80 4 .26 3-39 2 .95
4619.29 821 4 .4 5 1.43 4 .3 4 1.63 4.49 1.69 1.50
4632.92 39 4.21 2.91 4 .24 2.28 4.33 2 .79 2.46
4635.85 349 4 .62 .8 ? 4 .62 .70 4 .57 1.33 1.17
4637.51 554 4 .42 1.57 4.42 1.32 4 .44 1.98 1.73
4641.22 347 4 .89 .26 4 .8 5 .23 4 .69 .89 .80
4647.44 409 4 .3 5 1.93 4 .22 2A 5 4.36 2.56 2.25
4653-49 17 4 .6 4 .78 4 .56 .85 4.66 .99 .88
4657.60 346 4 .72 .61 4 .6 2 .69 4.67 .98 .87
4658.29 591 4 .94 . 16 4 .78 .35 4.80 .62 .55
4661.98 409 4 .59 .92 4 .50 1.02 4 .5 5 1.43 1.25
4665.24 1115 5.07 -  .03 4 .90 .13 4.91 .38 .32
4668.14 554 4 .32 2.12 4 .30 1.88 4 .40 2.26 1.98
4672.83 4o 4.66 .76 4 .85 .22 4 .59 1.28 1.12 b
4673.17 820 4 .42 1.57 4.36 1.57 4 .47 1 .82 1.60 b
4678.85 821 4 .50 1.22 4.36 1.57 4.48 1.74 1.53
4679.23 688 4 .76 .52 4 .5 4 .89 4 .62 1 .15 1.02 b
TABLE A3 (cont.)
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Fe I (cont.)
4 6 8 2 .5 8 384 4 .51 1 ,2 0 4 .5 7 .8 3 - - -
4 6 8 3 .5 6 346 4 .6 3 .8 3 4 .5 0 1 .0 2 4 .5 8 1 .3 2 1 .1 6  b
4 6 9 0 .1 5 820 4 .6 6 .7 4 4 .5 7 ,81 4 .5 8 1 .3 2 1 .1 6
4 7 0 0 .1 7 935 4 .7 0 ,6 4 4 .5 4 .9 0 4 .5 7 1 .3 ^ 1 .1 7
4 7 0 1 .0 5 820 4 .5 4 1 .0 7 4.51 1.01 4 .5 3 1.51 1 .3 3
4 7 0 4 .9 6 821 4 .6 7 .7 3 4 .5 5 .8 7 4 .5 8 1 .2 9 1 .1 3
4 7 0 5 .4 6 752 4 .7 6 .5 0 4 .5 3 .9 2 4 .6 o 1 .2 3 1 .0 8
4 7 0 7 .2 8 554 4 .2 8 2 .4 0 4 .31 1 .8 2 4 .3 5 2 .6 5 2 .3 4  b
4 7 0 9 .0 9 821 4 .4 3 1 .5 2 4 .4 3 1 .2 9 4 .4 3 2 .0 8 1 .8 2
4 7 1 2 .1 0 467 4 .6 6 .7 6 4 .4 9 1 .0 7 4 .5 5 1 A 3 1 .2 4
4 7 2 1 .0 0 1071 4 .6 5 .7 8 4 .4 9 1 .0 5 4 .5 9 1 .2 8 1 .1 2
4 7 2 6 .1 6 384 4 .7 3 .5 7 4 .61 .7 2 4 .6 4 1 .0 7 .9 5  b
4 7 2 7 .4 0 821 4 .3 0 2,31 4 .2 7 2 .1 0 4 .3 6 2 .5 3 2 .2 3  b
4 7 2 8 .5 6 822 4 .5 0 1 .2 6 4 .21 2 .5 0 4 .4 1 2 .1 8 1.91
4 7 3 3 .6 0 38 4 .2 8 2 .4 0 4 .2 8 2 .0 0 4 .4 5 1 .9 5 1 .7 0
4 7 3 5 .8 5 1042 4 .6 5 .7 7 4 .3 5 1 .6 3 4 .5 4 1 .4 8 1 .2 9
4 7 3 6 .7 8 554 4 .3 8 1 .7 7 4 .1 6 2 .8 2 4 .3 2 2 .9 2 2 .5 8  b
4 7 4 0 .3 4 409 4 .4 9 1 .2 6 4 .3 6 1 .5 5 4 .4 4 1 .9 8 1 .7 3
4 7 4 1 .5 3 346 4 .5 6 1 .0 3 4 .4 9 1 .0 7 4 .5 5 1 .4 3 1 .2 5
4745 .81 821 4 .4 7 1 .3 5 4 .4 5 1 .2 0 4 .5 2 1 .5 7 1 .3 9  b
4 7 4 9 .9 3 1206 4 .8 0 .4 2 4 .7 0 .51 4 .6 8 .9 4 .8 4  b
4 757 -58 634 4 .6 1 .8 6 4 .5 2 .9 6 4 .5 8 1 .2 9 1 .1 3
4 7 6 5 .4 8 40 4 .4 9 1 .2 9 4 .4 6 1 .1 5 4 .4 7 1 .7 9 1 .5 7
4 7 7 1 .7 0 67 4 .5 7 1.01 4 .5 2 .9 7 4 .4 8 1 .7 6 1 .5 5
4 7 7 2 .8 2 38 4 .4 o 1 .6 6 4 .3 9 1 A 3 4 .4 5 1 .9 0 1 .6 6
4 7 7 6 .0 8 635 4 .7 1 .6 3 4 .6 8 .5 6 - - b
4 7 8 5 .9 6 1044 5 .0 0 .0 8 4 .9 6 .0 5 4 .5 9 1 .2 7 1 .11  b
4786.81 467 4 .5 2 1 .1 7 4 .3 3 1 .6 8 4 .3 8 2 .3 8 2 .0 9  b
4 7 8 8 .7 6 588 4 .6 6 .7 4 4 .4 9 1 .0 5 4 .5 7 1 . 3 4 1 .1 7  b
TABLE A3 (cont.)
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Fe I  (cont,)
4791.25 633 4 .6 5 .78 4 .6 5 .62 4 .56 1.37 1.20
4799.41 888 4 .7 4 . 56 4 .62 •70 4 .6 3 1.10 .97 b
4800.65 1042 4.61 *86 4 .56 .84 4 .6 0 1.23 1.08
4802.53 1206 5.03 .04 4 .8 9 .15 4 .77 .69 .62 b
4802.88 888 4 .7 5 .54 4.68 .55 4 .69 .91 .81
4804.53 794 4 .9 4 .18 4 .68 . 56 4 .68 .94 .84
4 8 o 8 .16 633 4 .92 .20 4 .7 5 .40 4 .80 .63 .55
4809.94 793 5.04 .01 4 .9 4 .07 4 .93 .36 .29
4811.04 467 4 .80 .42 4 .83 .26 4 .83 .56 .49
4813.11 630 4 .82 .38 4 .7 5 .41 4 .7 5 .74 .67
4817.77 67 4.61 .88 4 .58 .79 4.61 1.18 1.04
4832.73 888 5.00 .07 4 .93 .08 4 .82 .59 .51
4834.11 115 4 .69 .68 4.71 .50 4 .70 .87 .78
4838.52 687 4 .49 1.28 4 .50 1.03 4 .5 7 1 .35 1.18 b
4841.80 OO-O 4 .7 5 .54 4 .63 . 66 4 .7 2 .83 .75
4842.78 1069 4.61 .86 4 .52 .95 4 .6 4 1.07 .95
4843.16 687 4.48 1.31 4 .50 1.01 4 .5 7 1.37 1.19
4844.02 750 4 .52 1.18 4 .48 1.10 4 .59 1.26 1.10 b
4845.66 588 4.72 .60 4 .6 7 .59 4 .68 .93 .83
4859.12 1068 4.61 .88 4.51 .98 4 .59 1.25 1.09
4859.75 318 4 .36 1.89 4 .26 2 .13 4 .3 9 2.32 2.04
4863.65 687 4.41 1.6o 4.41 1 .35 4 .50 1.63 1.45
4869.45 751 4 .89 .26 4 .89 .15 4 .76 .70 .63
4871.32 318 4.21 2.93 4 .2 5 2.18 4 .3 2 2.96 2.62
4872.14 318 4.26 2.55 4 .28 1.98 4 .30 3 .05 1.98
4875.89 687 4.61 .87 4 .49 1 .04 4.61 1.19 1.04
4878.22 318 4 .26 2 .55 4 .33 1.69 4 .3 7 2 .35 2.20
4882.15 687 4.61 .88 4 .68 .55 4 .63 1.12 .99
4885.44 966 4.58 .96 4 .52 .96 4 .5 4 1 .47 1.28
TABLE A3 (con t.)
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Fe I  (con t.) 
4886.34 1066 4.60 .90 4.
4889.01 67 4.33 2.09 4.
4890.76 318 4.18 3.12 4.
4891.50 318 4.19 3.04 4.
4892.86 1070 4.72 .59 4.
4896.44 984 4.80 .44 4.
4903.32 318 4.25 2.60 4.
4905.15 986 4.88 .28 4.
4907.74 687 4.56 1.04 4.
4909.29 985 4.65 .76 4.
4910.03 687 4.51 1.21 4.
4917.25 1066 4.72 .61 4.
4918.03 O -O O 4.73 .57 4.
4919.73 631 4.53 1.11 4.
4920.51 318 4.05 3.82 4.
4924.78 114 4.40 1.65 4.
4927.42 792 4.66 .75 4.
4928.00 - 4.67 .72 4.
4930.33 985 4.60 .89 4.
4938.82 318 4.38 1.74 4.
4939.24 ___X O ->o 0 4.50 1.23 4.
4939.69 16 4.27 2.48 4.
4946.39 687 4.49 1.30 4.
4950.11 687 4.56 1.01 4.
4957.60 318 3-93 4.28 4.
Fe I I
4416.82 27 4.47 1.37 4.
4541.52 38 4.6o .90 4.
4576.33 38 4.68 .70 4.
• 0
0
0
0 4.60 1.21 1.06
1.52 4.43 2.05 1.80
2.67 4.27 3.30 2.90
2.33 4.23 3.75 3.20
.35 4.70 .88 .79
.33 4.74 .76 .68 b
1.74 4.4o 2.23 1.97
.47 4.75 .72 .65
.81 4.61 1.18 1.04
.6>+ - - -
.96 4.57 1.37 1.19
.60 4.70 .86 .78
.57 4.68 .95 .85
.70 - - -
3.75 4.20 3.97 3.40
1.07 4.55 1.41 1.23
.72 4.68 .93 .83
.75 4.67 .95 .85
.70 4.64 1.06 .94
1.4o 4.46 1.83 1.62
.96 4.56 1.39 1.21
1.63 4.40 2.25 1.99
1.24 4.61 1.21 1.06
.59 4.67 .96 .86
3.77 - — b
1.93 4.35 2.64 2.33 b
.92 4.49 1.69 1.50 b
1.29 4.50 1.63 1.44
55
37
18
23
78
79
32
72
57
64
52
66
67
62
01
49
61
60
62
4o
52
35
44
66
00
29
53
43
TABLE A3 ( c o n t . )
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Fe I I  ( c o n t . )
4 5 8 2 .8 4  37 4 .6 7 •71 4 .6 3
4583 .83 38 4 .3 3 2 .1 0 4 .2 8
4620.51 38 4 .8 4 .3 5 4 .7 4
4 7 3 1 .4 4 *+3 4 .5 9 . 94 4 .5 5
4893 .78 36 4 .8 8 .28 4 .7 5
49 2 3 .9 3 42 4 .4 9 1 .26 4 .4 7
Co I
4361.91 1 4 .8 9 .2 7 4 .4 2
4 4 2 1 .3 4 150 4 .2 2 2 .8 3 4 .2 9
4517 .09 150 4.71 • 83 4.61
4588 .73 15 4 .6 5 .78 4 .9 0
45 9 4 .6 3 176 4 .7 9 A 5 4 .6 8
4677 .53 15 4 .8 9 .26 4 .6 3
4693-19 156 4 .8 2 .39 4 .7 3
4 7 2 7 .9 4 15 4 .4 0 1 .66 4 .4 7
4749 .68 156 4 .4 8 1 .33 4 .4 4
4776.31 158 4 .5 6 1 .03 4 .5 4
4792 .86 158 4 .8 0 A 3 4 .7 6
4813 .48 158 4 .7 0 .6 5 4 .6 9
4 8 4 3 .4 5 158 4 .6 8 .69 4 .7 0
48 6 7 .8 7 158 4.51 1.21 4 .5 2
48 99 .52 92 4 .6 2 .8 4 4 .6 9
N i  I
4330 .72 149 4 .3 0 2 .2 8 4 .2 3
4 3 3 1 .6 5 52 4 .4 7 1 .3 5 4 .3 7
4410 .52 88 4.61 .8 7 4 .31
4470 .48 86 4 .5 0 1.26 4 .3 7
4 6 o 4 .99 98 4 .4 5 1 .4 4 4 .4 2
.6 8 4 .5 3 1 .4 9 1.31
1 .98 4 .2 2 3 .7 6 3 .23
A 3 4.61 1 .2 0 1 .0 5
0
-
0
0• 4 .5 5 1 .4 2 1 .2 4
A o 4 .7 2 .81 .73
1 .1 2 4 .4 9 1.71 1.51
1 .3 0 — — b
1 .93 - - bb
.73 4 .6 0 1 .2 3 1 .08
.1 4 4 .7 4 .7 5 .68
.5 7 - - b
.6 7 4 .7 4 • 75 . 6 7 b
A 4 4 .6 9 .91 .82  b
1 .12 4 .5 9 1 .28 1 .12  b
1 .22 4 .5 6 1.41 1 .23
.9 0 - - b
.3 9 4.71 • 00 VJ
l
.7 7  b
A 3 4 .6 5 1 .0 5 .93
.52 - - b
.96 4.61 1 .1 7 1 .03  b
.5 4 4 .7 6 .7 2 .6 4  b
2 .3 4 4 .2 9 3 .1 0 2 .7 4  b
1 .5 4 4 .4 3 2 .0 5 1 .79
1.81 4 .4 3 2 .0 2 1 .7 7  b
1 .5 4 4 .4 9 1.71 1 .52
1.31 4 .4 5 1 .9 5 1 .70
TABLE A3 ( c o n t . )
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Ni I  ( c o n t . )
4 6 0 6 .2 3 100 4 .3 9 1 ,7 2 4 .2 9 1 .9 4 4 .4 6 1 .8 6 1 .6 3  b
4 6 1 7 .9 4 115 5 .2 3 -  .2 4 5 .1 8 -  .2 5 4 .91 .4 0 .3 3  b
4 6 7 5 .6 4 115 5.01 .0 6 4 .6 2 .69 4 .6 9 .9 0 .81
4 6 8 6 .2 2 98 4 .6 9 .6 7 4 .6 0 .7 5 4 .61 1 .1 8 1 .0 4
4 7 0 1 .3 4 101 4 .5 8 .9 5 4 .4 8 1 .0 9 4 .5 3 1.51 1 .3 3  b
4703 .81 133 4 .6 7 .71 4 .4 7 1 .1 2 4 .5 4 1 .4 6 1 .2 7  bb
4 7 1 4 .4 2 98 4 .3 7 1 .8 3 4 .1 9 2.61 4 .31 2 .9 2 2 .5 9  b
4 7 1 5 .7 8 98 4 .5 4 1 .1 0 4 .4 2 1 .32 4 .4 8 1 .7 7 1 .5 6
4731 .81 163 4 .7 0 .6 4 4 .61 .7 2 4 .6 4 1 .0 7 .9 5  b
4 7 3 2 .4 6 235 4 .7 6 .5 2 4 .4 6 1 .1 8 4 .6 2 1 .1 5 1.01
4 7 5 2 .4 3 132 4 .6 8 .7 0 4 .61 .7 3 4 .61 1 .1 9 1 .0 5  b
4 7 5 6 .5 2 98 4 .6 4 .8 0 4 .61 .71 4 .5 9 1 .2 6 1 .1 0
4 7 6 3 .9 5 146 4 .5 0 1 .2 4 4 .4 o 1 .3 9 4 .4 5 1 .9 0 1 .6 6  b
4773 .41 167 4 .8 8 .2 7 4 .8 2 .2 8 4 .7 0 .8 6 .7 7
4 807 -00 163 4 .7 0 .6 4 4 .5 9 .7 8 4 .6 0 1 .2 3 1 .0 8  b
4 8 2 9 .0 3 131 4 .5 6 1 .0 2 4 .5 7 .83 4 .5 7 1 .3 5 1 .1 8  b
4 8 3 1 .1 8 111 4 .5 9 .9 2 4 .5 8 .79 4 .5 7 1 .3 6 1 .1 9
4 8 4 5 .1 7 115 5 .2 6 -  .2 8 5 .0 5 -  .0 9 4 .9 4 .3 4 • 27
4 8 5 2 .5 6 130 4 .8 5 .3 2 4 .71 M 4 .7 7 .6 8 .6 0
4 853 -74 99 5 .0 0 .0 7 4 .81 .3 0 4 .7 7 .7 0 .6 2  b
4 8 5 7 .3 8 111 4 .7 5 .5 3 4 .6 8 .5 6 4 .6 7 .9 6 .8 6
4 8 6 4 .2 8 128 4 .5 2 1 .1 5 4 .5 9 .76 4 .6 2 1 .1 7 1 .0 3  b
4 8 6 6 .2 7 111 4 .6 2 .8 6 4 .5 4 .8 9 4 .6 3 1.11 .9 8
4 8 7 3 .4 4 111 4 .6 5 .7 8 4 .6 2 .7 0 4 .5 8 1 .3 2 1 .1 5
4874.81 98 4 .8 4 .3 5 4 .6 8 .5 5 4 .6 7 .9 7 • 87
4 9 0 0 .9 7 98 4 .9 3 .2 0 4 .8 5 .2 3 4 .8 2 .5 7 .5 0
4904.41 129 4 .4 8 1 .3 0 4 .5 3 .91 4 .6 5 1 .0 3 • 91
4 9 1 3 .9 7 132 4 .7 2 .6 0 4 .71 .4 8 - - -
4 9 1 8 .3 6 177 4 .61 .8 7 4 .3 6 1 .5 7 - - -
TABLE A3 (con t.)
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Ni X (co n t.) 
4930.82 193 4.93 .18 4.
4935.83 177 4.77 .49 4.
4937.34 114 4.51 1,20 4.
4953.20 111 4.60 .90 4.
Zn I
4722.16 2 4.73 • 00 4.
4810.53 2 4.73 .59 4.
Ge I
4685.84 3 4.78 .48 4.
Sr I
4607.33 2 4.51 1.21 4.
4784.32 5 4.82 .39 4.
4811.88 5 4.81 .4o 4.
4872.49 4 5.12 -  .10 4.
4876.33 5 4.82 .38 4.
Y I
4477.45 14 5.04 .01 4.
4760.98 4 4.93 .19 4.
Y I I
4374.94 13 4.09 3.64 3.
4398.02 5 4.35 1.90 4.
4682.32 12 4.51 1.20 4.
4854.87 22 4.59 .91 4.
4883.69 22 4.59 .91 4.
Zr I  
4413.04 61 5.14 -  .12 4.
4507.11 31 4.75 .54 4.
.50 4.77 .68 .60
.67 4.75 .73 .66
.76 4.62 1.15 1.02
.61 4.79 .64 . 56
1.03 4.56 1.38 1.20 b
. 60 4.63 1.11 .98
.28 - - b
1.73 4.45 1.92 1.67
.00 4.88 .45 .38 b
. 66 4.66 .99 .88
.28 4.78 .67 .59 b
.51 4.61 1.18 1.04 b
.77 _ bb
. 66 4.65 1.03 .92 b
4.21 4.02 4 .68 4.16
2.53 4.35 2 .63 2.32
1.99 4.36 2.52 2.22 b
1.41 4.51 1.58 1.39 b
1.57 4.49 1.67 1.48
1.03 4.68 .94 .84
1.03 4.61 1.18 1.04 b
70
63
59
66
50
66
82
32
99
64
82
70
59
63
89
20
28
40
36
50
50
TABLE A3 ( c o n t . )
Zr I  ( c o n t . )
1+542.22 V9 4.76 .51 4 .47 1.12 - - b
4553-01 31 4.81 .4o 4.31 1.81 4.62 1.15 1.01 b
4575-52 5 4 .62 .85 4 .46 1.15 4 .63 1.10 .98
4633.99 5 4 .5 4 1.10 4 .37 1.54 4 .54 1.46 1.28 b
4687.80 *+3 4.71 .83 4 .52 .95 4 .60 1.22 1.07
4732.3’+ 48 5.63 -  .71 4 .9 0 .13 - - -
4739-48 *+3 4 .80 .43 4 .57 .81 4 .65 1.03 .92
4753.06 66 4 .8 5 .33 5.o6 -  .10 4 .85 .50 A 3
4772.32 ^3 4 .87 .29 4 .66 .59 4.69 .90 .80
4784.94 44 5 .14 -  .12 4.79 .33 4 .8 4 .53 .46
4805.88 43 5.18 -  .18 4.76 • 38 5.00 .23 .17
4828.05 44 5.09 -  .05 4 .7 4 .42 5.21 -  .10 -  .14  b
Zr I I
4317.32 4o 4 .73 .57 4 .47 1.13 4.52 1.55 1.37
4333.28 132 5.00 .07 4 .5 4 .89 - - -
4370.96 79 4 .1 4 3.40 3.98 3.88 4 .17 4.11 3 .54  b
4 4 l4 .54 79 4 .42 1.56 4 .23 2.31 4 .39 2 .32 2 .04  b
4613.95 67 4 .67 .71 4 .55 .87 4 .55 1.43
_d-CNJ•
4674.41 139 4 .76 .52 4 .56 .84 4.61 1.18 1 .04  b
4685.19 129 4 .59 .94 4 .42 1.31 4 .5 4 1.48 1.30 b
Nb I I
4579.45 8 4 .6 7 .71 4 .5 5 .87 - - -
Mo I
4608.71 - 5.36 -  .40 5.01 -  .02 4.96 .30 .24
4626.47 6 4 .7 4 .55 4 .66 .60 4 .72 .82 .7 4  b
Ru I
4410.03 5 4 .69 .68 4 .36 1.57 4 .55 1.43 1 .25  b
4869.15 11 4 .9 9 .09 4.81 .29 4 .95 .31 .25
TABLE A3 ( c o n t . )
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Ba I I
4 5 5 4 .0 3 1 4 . 1 4 3 .38 3.
4934.09 1 4.16 3.27 4.
La I I
4315.90 41 5.16 - .15 4.
4322.51 25 4.72 .61 4.
4334.96 77 4.87 .29 4.
4429.90 38 4.10 3.61 3.
4559.28 53 5.49 - .55 4.
4662.51 8 4.78 .48 4.
4743.08 75 5.07 - .02 4.
4748.73 65 5.13 - .11 4.
Ce I I
4336.26 89 5.4o - .46 4.
4349.79 59 4.97 .13 4.
4364.66 135 4.83 .36 4.
4382.17 2 4.48 1.34 4.
4399.20 81 4.52 1.18 4.
4407.28 64 4.62 .84 4.
4418.78 2 4.76 .51 4.
4427.92 171 4.73 .57 4.
4444.39 19 4.44 1.46 4.
4479.36 203 - ~ 4.
4483.90 3 4.65 .77 4.
4486.91 57 4.72 .61 4.
4497.85 19 4.55 1.05 4.
4508.08 153 4.70 .64 4.
4523.08 2 4.62 .85 4.
4.70 3.90 5.03 4.52 b
3.53 4.16 4.20 3 . 6 o
.94 4.68 .93
P
O
C
O•
1.56 4.49 1.70 1.51 b
1.04 4.62 1.13 1.00
4.03 4.08 4.49 3.95
. 55 4.83 .55 .48
• 00 00 4.58 1.33 1.16
.92 4.59 1.25 1.10 b
.40 4.76 .71 .63 b
.91 4.62 1.15 1.02
.97 4.61 1.19 1.04
1.24 -r • ON __V. 1.19 1.05
2.27 4.48 1.72 1.53 b
1.70 4.47 1.79 1.57 b
1.69 4.46 1.84 1.62 b
1.41 4.48 1.78 1.57 b
1.14 4.56 1.37 1.20
2.04 4.35 2.61 2.30 bb
2.05 - - b
1.04 4.50 1.66 1.48 b
1.10 4.54 1.47 1.29
1.39 4.50 1.63 1.45 b
.90 - - b
1.24 if. 48 1.75 1.55 b
71
05
53
36
50
94
68
55
53
75
54
52
44
24
33
33
4o
47
27
27
50
48
4o
54
44
TABLE A3 ( c o n t . )
r>»7 
o  i
Ce I I  ( c o n t . )  
4 5 6 0 .9 6  2 4 .6 9 . 6 8 4 .4 9
4 5 6 2 .3 6 1 4 .6 0 .8 9 4 .5 0
4 5 7 2 .2 8 1 4 .7 9 .4 5 4 .51
4 6 2 8 .1 6 1 4 .8 0 .42 4 .4 6
4 7 1 4 .8 3 17 4 .8 9 .26 4 .3 8
4 7 2 5 .0 9 153 5 .3 8 -  .4 3 4 .8 3
4 7 4 7 .1 4 - 4 .8 4 .3 4 4 .6 6
4 8 8 2 .4 6 - 4 .9 6 .13 4 .7 3
P r I I
4 3 6 8 .3 3 5 4 .5 0 1 .2 4 4 .1 0
4 4 0 8 .8 4 4 4 .4 2 1 .58 4 .0 3
4 4 1 3 .7 7 26 4 .5 7 .9 9 4 .3 0
4 4 4 9 .8 7 *+.53 1 .1 4 4 .1 2
4 4 7 7 .2 6 - 4 .9 4 .1 7 4 .5 9
4 5 1 0 .1 6 20 5 .0 2 .0 4 4 .3 8
4 6 1 2 .0 7 - 5 .1 9 -  .2 0 4 .7 6
4 6 2 8 .7 5 1 - - 4 .5 7
4 6 6 4 .6 5 2 7 4 .5 7 1 .00 4.51
4 6 7 2 .0 8 21 4 .8 6 .3 0 4 .5 2
4 8 0 1 .1 5 36 4 .7 2 .6 0 4 .5 6
Nd I I
4 4 4 6 .3 9 49 4 .7 0 .6 5 4 .4 8
4 5 1 6 .3 5 - 4 .7 4 .5 5 4 .4 3
4 5 4 1 .2 7 58 4 .5 5 1 .0 6 4 .3 8
4567 .61 49 5 .3 6 -  .41 4 .8 5
4 6 4 5 .7 7 - 4 .91 .22 4 .5 3
4 7 0 3 .5 8 55 4 .7 7 .4 9 4 .4 3
4 7 0 6 .5 4 3 4 .6 8 .7 0 4 .5 0
4 7 9 7 .1 6 60 - - 4 .6 8
1 .0 5 4 .5 4 1 .4 7 1 .2 8  b
1 .0 4 4 .5 6 1 .4 o 1 .22  b
.9 9 - - bb
1 .1 7 4 .5 6 1 .3 8 1 .20
1 .5 0 4 .5 5 1.41 1 .2 3  b
.2 7 4 .8 7 .4 7 .4 0
.5 9 4 .8 o .6 2 .5 4  b
.4 5 - b
3 .2 8 « • b
3 .6 4 4 .2 9 3.11 2 .7 5  b
1 .8 5 4 .4 5 1 .9 0 1 .6 6
3.11 4 .4 9 1 .6 8 1 .49
• 77 4 .7 4 .7 5 .6 7  b
1 .4 8 4 .6 4 1 .0 3 .92
.4 0 4 .8 7 .4 6 .3 9
.8 2 4 .7 0 .8 8 .7 9  b
.9 8 4 .6 2 1 .1 4 1 .0 0  b
.9 5 4 .7 4 .7 7 .7 0  b
• 00 vn - - -
1 .0 9 4 .5 5 1 .4 2 1 .2 4
1 .2 7 4 .5 7 1 .3 6 1 .1 9  b
1 .4 8 4 .4 7 1 .8 3 1.61 b
.2 3 4 .9 2 .3 7 .30
.9 2 4 .6 2 1 .1 7 1 .03  b
1 .2 6 - - bb
1.01 4 .5 6 1 .4 0 1 .22
.5 7 4 .7 4 .7 7 .7 0  b
TABLE A3 ( c o n t . )
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Nd I I  ( c o n t . )
4 8 1 1 .3 4 3 4 .8 3 •37 4.61 .73 4 .6 6 .9 8 . 88 b
4 8 3 5 .9 8 1 4 .4 8 1.3*+ 4 .4 2 1 .33 4 .5 4 1 .4 8 1 .29
4 9 1 4 .3 8 52 5 .0 5 ,0 0 4 .71 .49 4 .8 4 .5 3 .46
Sm I I
4 3 1 8 .9 4 2 7 4 .6 8 .70 4 .4 7 1 .1 4 4 .5 2 1 .5 5 1 .3 6
4 3 2 9 .0 2 1? 4 .6 3 .82 4 .3 8 1 .49 4 .5 5 1 .4 4 1 .26  b
4 3 6 2 .0 4 45 4 .5 0 1 .2 4 4 .2 9 1.91 4 .5 0 1 .6 4 1 .4 6  b
4 4 2 0 .5 3 32 4 .3 7 1 .8 4 4 .2 8 2.01 4 .4 5 1 .9 0 1 .6 6  b
4 4 2 1 .1 4 37 4 .5 4 1 .10 4 .3 0 1 .86 4 .51 1.61 1 .4 2  b
4 4 6 7 .3 4 53 4 .6 9 .6  7 4 .4 6 1 .18 4 .5 6 1 .3 9 1 .2 2  b
4 4 9 9 .4 8 23 5 .1 7 -  .1 7 4 .6 6 .61 4 .7 4 .7 7 .69
4 5 1 9 .6 3 49 4 .7 6 .51 4 .5 2 .9 5 4 .6 3 1 .1 2 .9 9
4 5 3 7 .9 5 45 4 .9 4 .1 6 4 .4 8 1 .10 4 .6 5 1 .0 4 .9 3
4566 .21 32 4 .8 7 .3 0 4 .7 5 .40 4 .6 9 .9 0 .81
4 5 7 7 .6 9 23 4 .9 0 .2 4 4 .4 7 1.11 4 .6 5 1 .0 3 .9 2  b
4 5 9 1 .8 2 14 4 .9 5 .16 4 .6 3 .66 - - b
4 5 9 3 -5 4 36 4 .7 2 .61 4 .5 2 .9 5 4 .5 8 1 .2 9 1 .1 3  b
4606 .51 1 5 .0 9 -  .06 4 .6 9 .5 4 4 .7 7 .6 9 .6 2  b
4 6 1 5 .6 9 22 4 .6 5 .7 7 4 .4 9 1 .0 5 4 .5 7 1 .3 5 1 .1 8
4 6 4 2 .2 4 36 4 .8 7 .2 9 4 .5 3 .9 2 4 .6 5 1 .0 2 .91
4 6 4 6 .6 8 26 4 .51 1 .2 0 4 .3 6 1 .5 5 4 .4 8 1 .7 6 1 .5 5  b
4 6 7 4 .6 0 14 4 .4 2 1 .56 4 .3 4 1 .67 4.51 1 .6 0 1.41 b
4676.91 3 4 .8 4 .3 ^ 4 .6 8 .5 7 4 .7 6 .7 2 .6 4
4 6 8 7 .1 8 3 4 .3 7 1 .80 4 .3 2 1 .7 4 4 .4 8 1 .7 7 1 .56  b
4 6 9 3 .6 3 14 4 .5 2 1 .18 4 .5 3 .9 4 4 .6 3 1 .0 9 .9 7  b
4 7 0 4 .4 0 1 4 .7 9 .46 4 .6 6 .5 9 4 .6 8 .9 4 .8 4
4 7 1 3 .0 6 49 4 .9 2 .21 4 .4 o 1 ,4 o 4 .5 7 1 .3 3 1 .1 7  b
4 7 1 9 .8 4 3 4.91 .2 3 4 .4 9 1 .0 4 4 .6 6 1 .0 0 .9 0  b
4815 .81 14 4 .7 4 .5 5 4 .4 9 1 .06 4 .6 7 .96 .8 6  b
TABLE A3 ( c o n t . )
Sm I I  ( c o n t . )
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4 8 4 7 .7 6 53 5 .2 2 -  .2 3 4 .7 3 .4 5 4 .81 .61 •53
4 8 5 4 .3 7 36 5 .3 6 -  .40 4 .91 .12 - - b
Eu I I
4 5 2 2 .5 9 4 .1 2 3-52 4 .0 7 3 .4 7 4 .1 0 4 .4 2 3 .8 7  bb
Gd I I
4 3 4 2 .1 8 15 4 .5 3 1.11 4 .21 2 .4 6 4 .4 2 2 .11 1 .8 5  b
4 4 1 9 .0 3 15 4 .7 8 .4 8 4 .61 .7 2 4 .5 9 1 .28 1 .1 2  b
4 4 8 3 .3 3 62 5 .0 9 -  .0 5 4 .8 3 .2 5 4 .71 .8 5 .7 6  b
4 5 8 2 .5 3 65 4 .8 6 .3 2 4 .4 4 1 .2 4 4 .5 4 1 .4 5 1 .2 6  bb
4 5 9 6 .9 8 44 4 .5 5 1 .0 4 4 .3 8 1 .4 6 4 .5 3 1 .4 9 1.31 b
4 7 3 4 .4 3 43 5 .0 5 .0 0 4 .6 9 .5 4 4 .7 5 • 74 .6 6  bb
W I
4 2 4 4 .3 7 1 5 .1 3 -  .11 4 .6 6 .5 9 4 .9 2 • 37 .31
TABLE A4
40
Na I
5682.63
5688.19
5889.95
5895.92
6154.22
6160.75
Mg I
5528.40 9 4.22 3.59 4.27 3.27 - - -
5711.08 8 4.51 1.73 4.52 1.65 4.68 1.01 1.21
6318.75 23 4.82 .6 7 4.70 .97 4.76 .77 .94
Al I
5557.95 6 4.74 .88 4.63 1.22 - - -
6695.97 5 4.77 .80 4.92 .44 5.07 .17 .26
6698.63 5 4.96 • 37 4.98 .32 5.28 - .12 - .04
S i I
5645.66 10 4.81 .68 4.83 .65 - - -
5665.60 10 4.96 .36 4.86 .58 - - -
5690.47 10 4.99 .30 4.97 • 34 5.28 - .13 -  .05
5793.13 9 4.91 .46 4.85 .61 4.81 .67 .82
5948.58 16 4.70 .99 4.58 1.41 4.62 1.20 1.41
6131.54 30 5.11 .09 4.98 • 33 5.11 .10 .19
6131.86 30 5.11 .09 4.83 .65 5.12 .09 .18
6 i 42.5o 30 5.18 - .01 4.88 .52 5.02 .2? .3?
6145.08 29 5.06 .18 5.03 .23 5.04 .23 .32
6155.22 30 4.86 .58 4.75 .85 4.80 .69 .84
oc Boo HD116713 y V e l a b
M ulti-
£txQOrrl lo g ^ o  -logW /^ lo g tjo -logW/J^ log'Tjo lo g r jo
6 4 .7 4 .87 4 .46 2.00 4 .69 .98 1.17 b
6 4 .5 2 1.65 4 .44 2.13 4.48 1.82 2.17
1 3.80 4 .90 3.76 5.00 3.91 5 .05 4 .7 7
1 3 .95 4 .52 3 .95 4 .52 4 .03 4 .7 2 4 .49
5 4 .8 5 .59 4 .73 .91 5.03 .25 .34
5 4 .67 1.09 4 .5 9 1.36 4 .76 .78 .9 4  b
TABLE Ab ( c o n t . )
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Si I (cont.)
6237.34 28 4.92 .44 4.
6243.86 28 4.95 • 37 4.
6244.56 27 5.04 .21 4.
6560.69 62 5.13 .06 4.
Si II
6347.09 2 5.17 .03 4.
6371.36 2 5.21 - .05 4.
Ca I
53^9.47 33 4.30 3.03 4.
5512.98 48 4.59 1.36 4.
5581.97 21 4.54 1.58 4.
5588.76 21 4.44 2.14 4.
5590.12 21 4.51 1.74 4.
5594.47 21 4.35 2.67 4.
5598.49 21 4.35 2.70 4.
5601.28 21 4.48 1.90 4.
5602.85 21 4.26 3-33 4.
5857.45 47 4.43 2.16 4.
6102.72 3 4.38 2.47 4.
6122.22 3 4.32 2.89 4.
6161.29 20 4.59 1.36 4.
6162.17 3 4.31 3.00 4.
6163.76 20 4.39 2.42 4.
6166.44 20 4.65 1.16 4.
6169.06 20 4.52 1.65 4.
6169.56 20 4.51 1.70 4.
6439.07 18 4.43 2.17 4.
6455*60 19 4.73 .91 4.
.85 4.87 .53 .65
.81 4.92 .44 .56 b
.80 4.95 .39 .50
.64 4.98 .32 . b2
.90 _ b
.67 - - -
2.35 _ _ _
1.55 - - b
2.26 - - -
2.22 - - -
1.67 - - -
2.51 - - -
2.63 - - -
2.04 - - -
3.55 - - -
2.34 4.39 2.43 2.89
2.28 4.43 2.12 2.51 b
2.88 4.35 2.67 3.08
1.58 4.69 .97 1 . 1 6
2.95 4.30 3.15 3-46
2.03 4.44 2.08 2.47
1.01 4.89 .50 .62 b
1.64 4.53 1.56 1.82
1.77 4.47 1.85 2.21
2.24 4.45 1.96 2.33
1.09 4.81 .67 .82
75
76
77
83
73
82
bo
5b
b2
b2
52
38
36
45
22
4o
41
32
5b
31
b5
69
53
50
b2
67
TABLE A4 ( c o n t . )
Ca X ( c o n t . )
42
64 6 2 .5 7 18 4 .2 7 3-26 4.21 3.61 4 .2 7 3 .4 o 3 .59  b
64 6 4 .7 0 19 4 .9 3 A 3 4.81 .68 5 .0 5 .21 .30
6471 .66 18 4 .6 2 1,26 4 .4 8 1.91 4 .6 2 1 .20 1.41
64 9 3 .7 8 18 4 .5 0 1.76 4 .4 0 2 .3 6 4 .5 2 1.62 1.90
6 4 9 9 .6 5 18 4 .6 4 1 .18 4 .5 9 1.3>+ 4 .6 5 1 .0 9 1.29
6 5 0 8 .7 4 18 5 .0 9 • 12 4 .8 4 .6 4 5 .23 — .06 .01
65 7 2 .7 8 1 4 .5 4 1.59 4 .6 4 1 .18 4 .9 6 .37 .48
6 7 1 7 .6 8 32 4 .5 4 1 .56 4 .5 7 1 .4 4 4 .6 3 1 .1 9 1.40
Sc I
5356.10 17 5 .1 5 .02 5.21 -  .0 5 - - -
56 71 .80 12 4.71 .95 4 .7 4 .8 7 - - -
5700 .14 12 4 .5 5 1.51 4.61 1 .29 5 .0 4 .23 .32  b
6210 .68 2 4 .6 9 1.01 4.81 .70 5 .26 -  .11 -  .03
6 3 0 5 .6 7 2 4 .4 9 1.81 4 .5 7 1 .4 5 - - -
64 1 3 .3 5 1 5 .0 9 .12 5 .0 3 .23 - - -
Sc II
5526.81 31 4 .6 3 1 .20 4 .5 9 1 .3 7 - - -
6245 .63 28 4 .7 4 .88 4 .6 9 1.01 4 .8 2 .6 4 .79
6279 .76 28 4 .7 3 .89 4 .7 8 *77 4 .8 2 .6 4 .78  b
63 0 0 .7 0 28 5 .0 3 .2 2 4 .9 3 .43 5 .0 5 .20 .30
63 0 9 .9 0 28 4 .9 0 .49 4 .8 8 .5 3 5 .09 . 14 .2 4
6604 .60 19 4 .8 4 .6 4 4.81 .69 5 .2 4 -  .07 .00
Ti I
5460.50 3 4 .5 4 1.56 4 .7 8 .78
5471.20 106 4 .7 8 .76 4 .8 9 .51
54 90 .15 107 4 .5 6 1 .50 4 .7 4 .8 8
54 90 .84 3 4 .5 3 1 .63 4 .8 0 .71
5512.53 106 4 .3 4 2 .7 5 4 .3 9 2 .3 9
TABLE A4 ( c o n t . )
43
T i  I  ( c o n t . )
5 5 1 4 .3 5 106 4 .2 5 3 -40 4 .3 4 2 .7 5
5 6 4 4 .1 4 240 4 .5 8 1 .3 8 4 .6 5 1 .1 3
5675.41 249 4 .7 3 .8 9 4 .6 4 1 .1 7
5 7 1 3 .9 0 249 4 .9 2 .4 3 5 .0 3 .2 3
5 7 1 6 .4 5 249 4 .9 5 • 38 5.01 .2 7
573 9 .9 8 228 4 .9 5 .3 9 4 .8 8 .5 4 4 .91 .46 • 00
5 76 6 .3 3 309 4 .9 9 .3 0 5 .1 3 .0 5 5 .0 8 .1 5 .2 5
5 7 7 4 .0 4 309 4 .9 0 .4 8 4 .9 4 .41 5 .0 2 .2 6 .3 3
5 8 6 6 .4 5 72 4 .4 9 1 .8 2 4 .5 4 1 .5 6 4 .7 4 .8 2 .9 9
5899 .30 72 4 .5 0 1 .7 5 4 .5 0 1 .7 7 4 .7 3 .8 5 1 .03
5903 .32 71 4 .7 6 .8 3 5 .0 9 .1 2 4 .91 .4 5 .5 7
5 9 0 6 .5o 105 5 .2 9 -  .0 3 4 .6 6 1 .12 5 .0 0 .2 9 .3 3
5 9 1 8 .5 5 71 4 .61 1 .2 7 4 .5 6 1 .5 0 4 .9 0 .4 8 .6 0
5922.11 72 4 .5 7 1 .4 5 4 .5 7 1 .4 2 4 .8 7 .5 3 .6 5
5937.81 72 4 .7 0 .99 4 .7 8 .7 7 5 .2 4 -  .0 8 -  .0 0
5940 .68 2 4 .6 8 1 .0 5 4 .8 2 .6 8 4 .9 7 .3 4 .4 4
5941 .76 72 4 .5 8 1.41 4 .5 9 1 .3 6 4 .81 .6 5 .8 0
5 9 4 4 .6 5 2 4 .9 3 .4 2 5 .0 9 .1 2 5 .1 5 .0 4 .1 3
5953-16 154 5 .5 0 -  .4 3 5 .2 6 -  .1 3 5 .2 0 -  .0 3 .0 5
596 5 .8 3 154 4 .6 o 1.31 4 .6 3 1 .2 3 4 .8 5 .5 7 .7 0
5 9 7 8 .5 4 154 4 .6 8 1 .0 5 4 .7 2 .9 4 4 .9 5 .3 3 .49
598 8 .5 6 154 5.01 .2 6 4 .9 2 .4 5 5 .0 5 .2 0 .3 0
599 9 .0 0 198 4 .9 7 • 35 5 .0 6 .1 8 5 .3 7 -  .2 4 -  .1 7
6 0 1 8 .4 2 198 4 .9 5 .3 8 4 .9 7 .3 5 5 .5 8 -  .4 8 -  .4 3
6 0 3 1 .6 8 2 5 .0 4 .21 4 .8 5 .6 0 5 .5 8 -  .4 7 -  .4 3
6 0 6 4 .6 3 69 4 .6 9 1 .0 2 4 .8 0 .7 3 5 .0 0 .3 0 .4 0
6 0 8 5 .2 3 69 4 .5 8 1 .4 0 4 .6 9 1.01 4 .81 .6 6 .8 0
6 0 9 1 .1 8 238 4 .7 4 .8 6 4 .9 0 .4 8 5 .1 8 .00 .0 9
6121.01 153 4 .9 4 .40 4 .9 8 • 32 5 .5 8 -  .4 8 -  .4 3
TABLE A4 ( c o n t . )
44
T i  I  ( c o n t . )
6 1 2 6 .2 2 69 4 . 5 9 1.36 4 .6 3 1.21 4 . 8 6 . 56 .70
6 1 3 3 .3 3 197 5 .09 .1 3 4 . 9 4 • 39 5 .0 6 .19 .28
6 1 8 6 .1 4 197 4 . 9 2 .4 4 4.91 .46 5 .1 5 .0 5 .1 4
6221 .41 293 4 . 7 8 .7 7 4 . 7 9 .7 5 5 .2 0 -  .02 .0 5
6 2 5 8 .1 0 104 4 . 4 4 2 .1 0 4 . 5 5 1 .5 4 4 .61 1.26 1 .47
6 2 6 1 .1 0 104 4 . 4 3 2 .1 6 4 . 6 0 1.31 4 . 7 7 .7 5 .91
6 273-39 1 5 .1 3 .0 6 5 .2 8 -  .16 5 .4 9 -  .37 -  .32
6 2 9 5 .2 5 1144 4 . 9 8 .33 5.11 .09 5 .26 -  .1 0 -  .02
6 3 0 3 .7 5 104 4 . 7 8 .76 4 . 8 0 .72 5 .2 4 -  .0 8 .00
6 3 1 2 .2 4 104 4 . 7 7 • 76 4 . 9 2 .4 5 5 .16 .03 .12
6 3 2 5 .2 2 1 4 .8 6 • 59 4 . 8 6 .59 5 .2 9 -  .1 5 -  .0 7
6 3 3 6 .1 0 103 4 .8 0 • 72 4 . 9 7 .3 5 5 .1 9 -  .01 .07
6 3 5 9 .9 0 1 4 . 9 5 • 38 5 .1 4 .03 - - -
6 3 6 6 .3 5 103 4 .71 • 95 4 . 6 5 1 .13 5 .0 3 .2 4 .33
6 3 8 1 .4 2 196 5 .2 9 -  .1 7 4 . 9 2 .4 5 - - -
6 4 1 9 .1 5 196 5.21 -  .0 5 4 .7 9 .73 5 .1 9 -  .01 .07
6 4 9 7 .6 9 102 5 .0 0 .28 4 . 9 3 .42 5 .2 5 -  .09 -  .01
6 5 5 4 .2 3 102 4 . 7 0 .9 9 4 . 7 3 .91 5 .1 5 .0 5 . 14
6 5 5 6 .0 7 102 4 . 6 4 1 .1 9 4 . 6 7 1 .09 5 .0 7 .18 .28
6 5 6 5 .6 2 - 5 .0 8 .1 3 4 . 8 4 .63 5.21 -  .03 .0 5
6599.11 49 4 .71 .9 5 4 .8 6 .59 5 .3 5 -  .23 -  .1 5
6 7 4 3 .1 2 48 4 .6 6 1 .1 2 4 . 7 9 .73 5 .1 7 .0 2 .11
T i  I I
5381 .02 69 4 . 4 7 1 .92 4 . 5 5 1.53 - - -
5418 .80 69 4 . 6 3 1.21 4 . 6 4 1 .1 8 - - -
6 5 5 9 .5 8 91 4 . 9 0 .4 9 4 . 8 4 .62 5 .1 2 .10 .19
6 6 8 0 .2 6 112 5 .4 0 -  .31 5.31 -  .20 5.41 -  .2 9 -  .23
TABLE A4 ( c o n t . )
45
V I
5627.63 37 4 .62 1.24 4 .77 .78 - - -
5670.83 36 4 .62 1.26 4 .7 5 .84 - - -
5703.56 35 4.61 1.30 4 .68 1.05 4 .83 .61 .75
5706.97 35 4.51 1.71 4 .5 4 1.57 4 .82 .64 .79
5727.02 35 4 .48 1.90 4 .50 1.77 4 .56 1.47 1.71
5727.66 35 4 .6 4 1.18 4 .8 4 .62 5.01 .27 .37
5737.04 35 4.68 1.05 4.83 . 66 5.16 .03 .12
5761.41 35 5.03 .23 4.83 . 66 - - -
5817-53 142 5.03 .23 4 .93 .42 5.13 .07 .16
6002.60 34 4.71 .96 4 .79 .75 5.07 .17 .27  b
6039.69 34 4 .69 1.02 4 .78 .78 5.19 -  .00 .07
6058.11 34 4 .8 5 .59 5.00 .29 - - -
6081.42 34 4 .63 1.20 4 .67 1.08 4 .99 .31 .41
6087.48 33 5.13 .05 5.03 .23 5.36 - .23 -  .16
6090.18 34 4 .59 1.38 4 .73 .89 4 .92 .45 .56
6111.62 34 4 .6 o 1.33 4.78 .75 5.12 .08 .18
6119.50 34 4.61 1.29 4 .6 5 1.13 4 .84 .60 .74
6135.36 34 4 .67 1.08 4 .72 .91 5.07 .17 .27
6150.13 20 4 .58 1.39 4 .7 5 .84 5.10 .12 .21
6199.20 19 4 .49 1.85 4 .62 1.23 4.91 .46 .58
6216.37 19 4 .49 1.84 4 .6 4 1.17 4 .90 .48 .60
6224.51 20 4 .6 5 1.16 4 .76 .81 5.12 .10 .19
6233.19 20 4 .6 7 1.08 4 .80 .72 5.20 -  .02 .05
6243.11 19 4 .3 5 2.69 4 .4 9 1.85 4 .67 1.05 1.24  b
6251.83 19 4 .53 1.62 4 .66 1.10 4 .89 .50 .62
6256.91 19 4 .67 1.06 4 .8 4 .63 5.12 .09 .18
6266.32 20 4 .7 6 .83 5.03 .23 5.58 -  .47 -  .42
6274.67 19 4 .66 1.10 4 .7 4 • 00 -0 5.06 .20 .29
6285.18 19 4 .62 1.25 4 .8 0 .72 5.09 .14 .24
TABLE Ab ( c o n t . )
V I ( c o n t , )
6 2 9 2 .8 6 19 4 .5 9 1 .3 4 4 .7 2 .9 4 4 .7 9 • 70 .8 5
6 2 9 6 .5 2 19 4 .4 5 2 .0 5 4 .6 4 1 .1 8 5 .0 2 • 2? .3 5
6 3 2 6 .8 4 84 5 .0 6 .1 7 4 .8 5 .61 5 .2 4 -  .0 7 .0 0
61+52.35 48 4 .9 5 • 39 4 .9 7 • 33 5 .2 3 -  .0 6 .01
6 4 6 6 .9 7 32 5 .3 7 -  .2 7 4 .8 9 .5 2 5 .3 8
ITNCvJ.1 -  .19
6 5 0 6 .1 6 48 4 .9 4 .3 9 4 .7 9 .7 5 5 .1 5 • 05 .1 4
6 5 3 1 .4 4 48 4 .8 4 .6 3 4 .7 6 .81 5 .5 3 -  .42 -  .3 7
6543 .51 48 4 .9 9 .3 0 4 .9 3 .4 2 - - -
6 6 0 5 .9 8 48 4 .9 5 • 39 4 .9 2 .4 5 5 .2 8 -  .13 -  .0 5
6 7 5 3 .0 0 31 4 .7 8 .7 7 4 .8 7 .5 6 5 .3 7 -  .2 4 -  .1 7  b
6 7 6 6 .4 9 31 4 .9 6 .36 5 .0 2 .2 4 5 .4 3 -  .31 -  .2 5
6 7 8 4 .9 8 31 4 .9 8 • 32 4 .9 5 • 39 5 .3 0 -  .1 ? -  .0 7
Cr I
5345.81 18 4 .1 6 3 .8 8 4 .1 8 3 .7 6 - - -
5 3 ^ 8 .3 2 18 4 .3 2 2 .8 7 4 .3 5 2 .6 5 - - -
540 9 .7 9 18 4 .1 2 4 .01 4 .2 7 3-26 - - -
5783.11 188 4 .8 8 • VA -r 4 .8 8 • 53 4 .9 0 .48 .60
5783 .93 188 4 .7 4 .8 6 4 .6 6 1 .1 2 4 .81 . 66 .81
5 7 8 7 .0 4 119 5.11 .0 9 4 .9 8 • 32 4 .8 0 .6 8 .8 3
578 7 .9 9 188 4 .7 5 .8 4 4 .8 2 • 6 7 4 .8 4 .61 .7 5
588 4 .4 5 119 5 .3 0 -  .1 8 5 .0 0 .2 8 5 .1 8 .0 0 .0 9
6 3 3 0 .1 0 6 4 .7 1 .96 4 .7 7 • 79 5 .0 7 .1 7 .2 7
6 3 6 2 .8 7 6 4 .6 9 1.01 4 .5 3 1 .6 4 4 .8 2 .6 4 .7 9
6501.21 16 5 .0 4 .2 0 4 .8 4 .6 2 5 .4 3 -  -31 -  .2 5  b
6537-92 16 5 .0 5 .2 0 5 .1 9 -  .0 2 - - -
6 6 1 2 .1 7 282 5 .3 ^ -  .2 3 5 .1 5 .0 2 - - -
6 6 3 0 .0 2 16 4 .91 •  47 4 .9 3 .4 2 - - -
6 6 5 7 .5 4 282 5 .6 4 -  . 60 5 .3 5 -  .2 5 5 .4 5 -  .3 3 -  .27
TABLE A4 ( c o n t . )
Cr I  ( c e n t . )
6661.08 282 5.27 -  .15 5.12 .07 - - -
6669.26 282 5.52 -  A 7 5.24 -  .10 5. 56 -  .45 -  .40
Cr I I
5346. 54 23 5.01 • 26 4.76 .82
5508.60 50 5.16 • 01 4 .72 .92
Mn I
5394.67 1 4 .2 5 3.42 4 .40 2.37 b
5399.49 42 4 .89 .51 4 .94 .4o
5407.42 4 4 .3 5 2 .65 4 .42 2.21
5420.36 4 4 .32 2.90 4 .43 2.18
5457.47 4 4.81 .70 4 .82 .6 7
5505.87 4 4 .59 1.37 4 .43 2.19
5516.77 4 4 .48 1.88 4 .48 1.88
5537.76 4 4 .60 1.31 4 .52 1.65
6013.50 27 4 .5 4 1.56 4 .55 1.52 4.61 1.25 1.47
6 o i6 .6 4 27 4 .5 4 1.59 4 .52 1.65 4 .69 .95 1 .14
6021.80 27 4.61 1.30 4 .57 1.42 4.61 1.25 1.46
6057.11 - 5.18 -  .01 5.01 .27 5.48 -  .38 -  .30
6384.67 39 5.07 .16 4 .7 4 .86 5.18 -  .00 .08
6491.71 39 4.83 • 65 4 .70 .99 5.04 .23 .33
Fe I
5339.94 553 4 .3 5 2.69 4.36 2.60
5341.03 37 3.98 4.46 4.16 3.88
5353-39 1062 4.36 2.62 4 .40 2.39
5367.47 1146 4 .55 1.52 4 .55 1.51
5369.96 1146 4 .37 2.58 4 .4o 2.37 b
5371.49 15 3 .97 4.49 4 .06 4.23
5373.70 1166 4 .70 .98 4 .69 1.02
TABLE A4 ( c o n t .)
48
Fe I  ( c o n t .)
5379.58 928 4 .74 .88 4 .6 5 1.13
5383-37 1146 4.48 1.87 4 .42 2.22
5391.49 1062 4 .50 1.79 4 .48 1.88
5393.17 553 4 .44 2.13 4 .45 2.03
5397.13 15 4 .00 4 .39 4 .15 3.92
5398.28 1145 4 .73 .90 4 .68 1.05
5400.51 1145 4 .3 9 2.42 4 .4 ? 1.94
5405.78 15 4 .02 4 .3 4 4 .18 3.78
5415.20 1165 4 .47 1.94 4 .46 1.99
5417.03 1148 5.00 .28 4 .82 .67
5424.07 1146 4 .42 2.26 4 .33 2.80
5429.70 15 3.96 4 .52 4 .02 4 . 34
5434.53 15 4 .1 4 3-95 4 .19 3.70
5436.59 113 4 .40 2 .34 4 .5 7 1.44-
5441.32 1144 4.96 .36 4 .83 . 66
5443.41 1059 5.37 -  .27 5.11 .09
5445.05 1163 4 .57 1.45 4 .66 1.11
5446.92 15 3-94 4 .57 4 .0 4 4 .2  7
5455.61 15 4.06 4 .22 4 .0 7 4.18
5461.54 1145 5.07 .15 5.02 .25
5472.72 1108 4 .70 .99 4 .62 1.23
5478.48 1062 4 .80 .71 4 .98 .32
5491.84 1031 5.20 -  .04 5.04 .22
5497.52 15 4 .22 3- 55 4 .28 3-19
5501.47 15 4.31 2.99 4 .33 2 .8 ?
5506.78 15 4 .28 3.16 4 .2 9 3.09
5522.46 1108 4.89 .50 4 .6 7 1.07
5525.55 1062 4 .7 3 .89 4 .63 1.21
5529.15 872 4 .87 .56 4 .70 .98 b
TABLE A4- ( c o n t . )
4QI c
F e  I  ( c o n t . )
5 5 3 9 . 8 3 1130 5 . 2 7 -  . 1 4 4 . 8 5 . 6 0
5 5 4 3 . 1 8 926 4 . 7 2 . 9 3 4 . 7 4 . 8 8
5 5 4 3 . 9 3 1062 4 . 7 6 . 8 3 4 . 6 3 1 . 2 2
5 5 4 9 . 9 4 926 5 . 0 8 . 1 3 4 . 8 3 . 6 6 b
5 5 5 3 . 5 9 1161 4 . 6 3 1 . 2 0 4 . 7 0 . 9 8
5 5 5 4 . 9 0 1183 4 . 7 1 . 9 5 4 . 5 6 1 . 4 9
5 5 6 0 . 2 3 1164 4 . 8 5 .61 4 . 8 1 . 6 9 b
5 5 6 2 .7 1 626 4 . 7 6 .81 4 . 6 8 1 - 0 3
5 5 6 3 . 6 0 1062 4 . 5 4 1 . 5 9 4 . 5 6 1 . 4 9
5 5 6 7 . 4 0 209 4 . 5 8 1 . 4 0 4 . 5 6 1 . 4 8
5 5 6 9 . 6 2 686 4 . 4 8 1 . 8 6 4 . 4 4 2 . 1 2
5 5 7 2 . 8 5 686 4 . 3 3 2 . 8 3 4 .3 1 2 . 9 4
5 5 7 6 . 1 0 686 4 . 5 5 1 .5 1 4 . 4 8 1 . 8 9
5 5 7 9 . 3 4 1061 5 . 0 6 . 1 7 4 . 8 5 . 60
5 5 8 6 . 7 6 686 4 . 4 0 2 . 3 6 4 . 3 4 2 . 7 4
5 6 0 7 . 6 6 1058 5 . 0 8 . 1 4 5 . 0 0 . 2 9
5 6 0 8 . 9 8 1108 5 . 1 3 . 0 6 4 . 9 6 . 3 8
5 6 1 8 . 6 5 1107 4 . 8 2 . 6 7 4 . 7 5 . 8 4
5 6 2 4 . 5 5 686 4 . 3 8 2 . 4 6 4 . 4 0 2 . 3 9
5 6 3 3 . 9 7 1 3 1 4 4 . 7 9 . 7 4 4 . 6 2 1 . 2 5
5 6 3 5 . 8 5 1088 4 . 8 5 .61 4 . 9 2 • 4 5
5 6 3 8 . 2 7 1087 4 . 7 1 . 9 5 4 . 7 6 . 8 3
5 6 5 3 -  89 1159 4 . 9 4 .41 4 . 8 5 . 6 2
5 6 7 9 . 0 2 1183 4 .9 1 . 4 6 4 . 8 8 • 54
5 6 9 1 .5 1 1087 4 . 8 9 . 5 0 4 . 7 5 . 8 3 4 . 9 8 . 3 3 . 4 3
5 7 0 1 . 5 5 209 4 . 5 3 1 . 6 0 4 . 5 3 1 . 6 4 4 . 6 1 1 . 2 4 1 . 4 5
5 7 1 7 . 8 5 1107 4 . 7 7 . 7 9 4 . 6 1 1 . 2 9 4 . 8 0 . 6 8 • 83 b
5 7 3 1 . 7 7 1087 4 . 7 5 . 8 5 4 . 7 1 • 94 5 . 0 2 . 2 6 . 3 6
5 7 4 9 . 6 5 1160 5 . 3 0 -  . 1 8 5 . 0 4 . 2 0 4 . 9 6 . 3 7 . 4 8
TABLE A4 ( c o n t . )
50
F e  I  ( c o n t . )
5752.04 1180 4 .86 .59- 4 .8 4 .64 4 .67 1.02 1.22
5762.99 1107 4 .5 7 1.43 4 .5 7 1.45 4.52 1.62 1.91
5775.09 1087 4 .79 .74 4 .8 4 .62 4.78 .74 .89
5793-93 1086 4 .89 .52 4 .93 A 3 4.90 .48 .60
5804.06 959 4 .6 4 1.18 4 .65 1.15 4.71 .91 1.09 b
5806.73 1180 4.80 .72 4 .76 .82 4 .8 4 .59 .72
5809.25 982 4 .7 5 .8 ? 4 .77 .79 4 .8 4 . 60 .74
5811.93 1022 5.06 .17 5.21 -  .06 - - -
5816.36 1179 4 .67 1.07 4 .62 1.23 4 .52 1.6o 1.88
5833.93 209 4 .92 .45 4 .96 .37 5.20 -  .02 .06
5848.09 552 4.86 .58 4 .83 .65 4 .86 . 56 .69
5852.19 1178 4 .7 5 .85 4 .79 .74 5.01 .28 .38
5855.13 1179 5.09 .11 5.14 .04 5.20 -  .02 .06
5856.08 1128 4 .86 .57 4 .8 4 .62 4 .99 .31 .42
5859.61 1181 4 .73 .89 4 .6 3 1.22 4 .80 .70 .85
5861.11 1084 5.21 -  .05 5.21 -  .05 5.34 -  .20 -  .13
5862.36 1180 4 .70 .97 4 .68 1.05 4 .7 5 .81 .98
5877.77 1083 4.96 .35 4.81 .69 4.91 .45 .57
5883.84 982 4.71 .94 4 .70 1.00 4 .7 4 .83 1.00
5891.16 1179 4.82 .66 4 .66 1.10 4 .88 .51 .83 b
5905.67 1181 4 .86 .58 4 .86 .59 4 .9 5 .38 .48
5909.99 552 4 .70 .98 4 .5 9 1.38 4.86 .58 .89
5914.16 1180 4 .54 1.58 4 .39 2.42 4.47 1.86 2.21
5916.25 170 4 .62 1.25 4 .58 1.42 4 .7 4 .83 1.00
5927.80 1175 4.88 .53 4 .8 5 .62 5.03 .24 .33
5929.70 1176 4 .80 .72 4 .7 0 .97 5.00 .29 .39
5930.17 1180 4 .72 .93 4 .59 1.38 4 .72 .87 1.05
5934.66 982 4 .66 1.10 4 .50 1.78 4 .63 1.15 1.38
5943.58 63 4 .90 .49 4 .8 4 .64 5.07 .17 .27
TABLE A4 ( c o n t . )
51
Fe I  ( c o n t . )
5947.50 1199 5.44 -  .36 5.29 -  .16 5.19 -  .01 . 06
5949.35 14 4 .6 7 1.09 4.66 1.11 4.66 1.06 1.25
5952.75 959 4.61 1.28 4 .68 1.03 4 .67 1.04 1.24
5956.70 14 4 .54 1.58 4 .52 1.67 4.71 .91 1.10
5958.34 63 4 .75 .85 4 .82 .67 4 .68 1.00 1.19
5959.88 1020 5.21 -  . 06 4 .89 .51 5.17 .01 .10
5963.25 63 5.19 - .02 5.17 -  .00 5.4o -  .28 -  .22
5975.36 1017 4 .8 5 .59 4 .7 4 .86 4 .84 • 60 .73
5976.80 959 4.66 1.10 4 .66 1.10 4 .68 1.00 1.20
5983.70 1175 4.73 .90 4 .6 5 1.15 4.77 .76 .92
5987.06 1260 4 .79 .73 4 .76 .81 4.70 .94 1.13
5995.93 1198 5.09 .12 5.18 1 .01 - - -
5997.81 1175 4 .7 5 .84 4.73 .89 4.69 .98 1.17
6003.03 959 4.63 1.20 4.66 1.11 4.60 1.29 1.51
6005.53 207 4.81 .69 4.81 .69 4.89 .50 .83
6007.96 1178 4 .75 .84 4 .69 1.02 4.71 .92 1.11
6008.58 982 4 .62 1.23 4 .6 9 1.01 4.72 .89 1.08
6015.25 63 5.06 .18 5.03 .23 5.16 .02 .11
6020.17 1178 4 .56 1.47 4 .53 1 .64 4.53 1.59 1.86
6024.07 1178 4 .63 1.22 4 .63 1.20 4.66 1.07 1.27
6027.06 1018 4 .7 4 . 86 4 .7 5 .83 4 .79 .70 .86
6042.09 - 4 .90 .49 4 .80 .72 4 .90 .48 .60
6055.99 1259 4 .7 7 .80 4 .7 4 .88 4.71 .91 1.09
6062.89 63 4 .72 .92 4 .67 1.06 4.90 .48 .60
6o65.49 20 7 4 .42 2.23 4.46 2.00 4 .45 1.99 2.37
6079.02 1176 4 .8 7 .56 4.82 .68 5.00 .30 .40
6082.72 64 4 .6 4 1.16 4 .73 .91 4 .94 .40 .51
6093.66 1177 5.01 .27 5.00 .28 4 .9 5 .38 .49
6094.42 1177 5.10 .11 5.01 .27 5.30 - .16 -  .08
TABLE A4 ( c o n t . )
Fe  I  ( c o n t . )
6 0 9 6 .6 9 959 4 . 8 3 . 66 4 . 8 9 .50 4 .9 6 • 37 .48
6 1 0 0 .2 6 1199 5 .2 2 -  .0 7 4 . 8 6 .58 5 .28 -  .1 4 -  .06
6 1 0 3 .1 9 1260 4 . 6 9 1.01 4 .6 2 1 .25 4 . 7 4 • OO Lo 1 .0 0  b
6 1 2 0 .2 5 14 4 .8 3 .6 4 4 . 8 7 .56 5 .1 7 .01 1.02
6127 .91 1017 4 . 7 9 .7 4 4 . 7 7 .80 4 . 8 5 .5 8 .71
6 1 3 6 .6 2 169 4 . 3 0 3 .0 2 4 . 3 3 2 .8 0 4 .2 8 3 .2 7 3 .52
6 1 3 7 .7 0 207 4 . 3 9 2 .4 4 4 . 4 3 2 .2 0 4 . 4 7 1.88 2 .2 4
6 1 5 1 .6 2 62 4 . 6 5 1 .13 4 . 7 2 .93 4 .7 0 .93 1 .1 2  b
6 1 5 7 .7 3 1015 4 . 6 8 1 .0 5 4 .5 6 1 .50 4.71 .91 1 .09
6 1 6 5 .3 7 1018 4 . 8 3 .66 4 . 7 5 .8 5 4 .8 6 .56 .6 9
6 1 7 0 .4 9 1260 4 . 4 6 2.01 4 . 5 7 1.43 4 . 6 9 .96 1 .1 5
6 1 7 3 -3 4 62 4 .5 6 1 .47 4 . 5 8 1 .38 4 .7 0 • 94 1 .13
6 1 8 0 .2 2 269 4 .6 3 1 .22 4 . 6 5 1 .1 5 4 .6 8 1.01 1.21
6 i 8 8 . o 4 959 4 . 8 3 .6 4 4 . 7 6 .82 4 .9 7 .3 4 .4 5
6 1 9 1 .5 6 169 4 . 4 o 2 .3 9 4 .2 8 3 .22 4 . 3 7 2 .5 2 2 .9 4  b
6 2 0 0 .3 2 207 4 . 6 0 1 .3 4 4 . 6 3 1 .20 4.71 .90 1 .09
6202.31 208 5 . 4 l -  .32 5 .4 6 -  .38 - - -
6 2 1 3 .4 4 62 4 . 4 7 1 .92 4.51 1.72 4 .61 1.26 1 .47
6 2 1 5 .1 5 1018 4.61 1 .30 4 . 6 7 1.07 4 .61 1 .27 1.48
6 2 1 9 .2 9 62 4 . 5 2 1 .69 4 . 5 8 1.41 4 .5 6 1 .47 1 .70
6 2 2 6 .7 7 981 4 . 9 7 •  34 4.91 .4 7 5 .02 .26 .36
6 2 2 9 .2 3 342 4 . 7 6 .81 4 . 7 4 .86 4 .9 3 .41 .53
6 2 3 0 .7 3 207 4 . 2 0 3 .6 5 4 .3 3 2 .8 4 4 . 2 7 3.41 3 .5 9
6 2 3 2 .6 6 816 4 . 5 9 1 .3 4 4 . 5 5 1.51 4 .7 0 .9 5 1 .1 4
6 2 4 0 .6 6 64 4 . 6 4 1 .18 4 .6 7 1 .09 4 . 8 4 .61 .7 5
6 2 4 6 .3 3 816 4 . 5 7 1 .4 3 4 . 5 9 1 .37 4 .6 2 1 .22 1.43
6 2 5 2 .5 6 169 4 . 4 4 2 .1 4 4 .5 2 1.66 4 . 5 5 1 .49 1 .73
6 2 5 4 .2 6 111 4 .4 8 1 .89 4 . 5 0 1 .75 4 . 5 4 1 .52 1 .77
6 2 5 6 .3 7 169 4 . 4 4 2 .0 9 4 . 5 2 1 .68 4 .5 3 1 . 56 1 .82
TABLE A4 ( c o n t . )
53
Fe I  ( c o n t . )  
6 2 6 5 .1 4  62 4 . 4 9 1 .8 2 4 .51 1 .7 3 4 . 5 5 1 .49 1 .72
6 2 6 7 .8 5 1123 5 .42 -  -3^ 5 .33 -  .2 2 - - -
6 2 7 0 .2 4 342 4 . 7 4 .8 7 4 . 6 9 1 .0 2 4 .71 .9 0 1 .08
6 2 7 1 .2 9 685 4 . 9 2 .4 5 4 . 7 9 . 7b 5 .06 .19 .28
6 2 8 0 .6 2 13 4 . 4 4 2.11 4 . 3 8 2.51 4 . 5 0 1 .70 2 .0 3
6 2 9 0 .9 7 1258 4 . 9 2 .4 5 4 . 7 3 .91 4 . 7 9 .70 .8 5
6 2 9 3 .9 2 1260 5.51 -  .4 4 4 . 9 9 .3 0 5 .2 4 -  .07 .00
6 2 9 7 .8 0 62 4 . 5 2 1 .6 8 4 .51 1.71 4 .6 6 1 .08 1 .27
6 3 0 1 .5 2 816 4 . 5 4 1 .58 4 . 5 5 1.51 4.61 1 .25 1 .46
6302.51 816 4 .61 1 .30 4 . 6 2 1 .2 5 4.61 1 .2 5 1 .47
6 3 0 6 .1 9 1230 - 5 . 1 8 -  .01 4 . 9 4 r 4 l - - b
6311.51 342 4 .7 6 .81 4 . 7 3 .9 0 4 .9 2 .4 4 .5 5
6 3 1 5 .3 2 1015 4 . 7 0 .9 9 4 .6 6 1 .12 - - -
6315.81 1014 4 . 8 9 .5 0 4 . 7 8 .7 5 *+.77 .76 .92  b
6 3 1 8 .0 2 168 4 .4 6 1 .98 4 . 4 5 2 .0 3 4 . 4 9 1 .76 2 .1 0
6 3 2 2 .6 9 207 4 . 5 9 1 .3 4 4 . 5 8 1 .4 0 4 . 7 0 .93 1 .1 2
6 3 3 0 .8 6 1254 5 .0 6 .18 4 . 9 8 .31 5 .27 -  .11 -  .03
6 3 3 5 .3 4 62 4 . 4 9 1.81 4 . 5 0 1 .7 8 4 .5 6 1 .46 1 .70
6 3 3 6 .8 4 816 4 . 6 4 1 .18 4 .5 2 1 .6 5 4 .6 0 1.31 1 .52
6 3 3 8 .9 0 1258 4 . 7 3 .91 4 . 6 6 1 .1 0 4 . 6 4 1 .1 5 1 .35
6 3 3 9 .9 6 685 5 .6 0 -  .5 5 4 . 9 2 .4 5 5 .72 -  .6 4 -
6344.1  5 169 4.61 1 .30 4.51 1.71 4 .6 o 1 .28 1 .49
6 3 5 5 .0 4 342 4 . 5 9 1 .36 4 . 5 2 1 .66 4 .5 7 1.41 1 .6 4
6 3 5 8 .6 9 13 4 . 4 5 2 .0 7 4 .4 6 1 .9 8 4 .6 0 1 .29 1.51
6 3 8 0 .7 5 1015 4 . 8 4 .6 4 4 . 6 0 1-33 4 . 8 5 .5 7 .70
6 3 9 2 .5 3 109 4 . 8 8 .5 4 4.81 .7 0 5 .19 -  .01 .07
6393.61 168 4 . 4 3 2 .1 6 4 . 3 9 2 . 4 5 4 .4 9 1 .76 2 .1 0
6396 .39 921 5 .53 -  .4 7 4 .8 6 .5 7 5 .6 4 -  .5 4 -  .50
6 4 0 0 .3 3 13 4 . 3 4 2 .7 6 4 . 2 7 3 .2 7 4 . 3 0 3 .1 0 3 .4 2
TABLE A4 ( c o n t . )
Fe I  ( c o n t . )
6408 .03 816 4 .6 6 1 .12 4 . 4 4 2 .1 2 4.51 1 .6 5 1 .9 5
6411 .66 816 4 .6 0 1.31 4 .5 0 1.76 4 .6 0 1.31 1.52
6412 .20 169 5 .68 -  .6 5 5 .3 4 -  .2 4 - - -
6419 .98 1258 4 .7 7 .79 4 .6 0 1.30 4 .6 2 1.21 1.41
6421 .36 111 4 .4 6 2 .0 2 4 . 4 4 2 .0 9 4 .5 5 1 .48 1.71
6 4 3 0 .8 5 62 4 .4 3 2 .1 9 4 .4 0 2 .3 9 4 .4 5 2 .0 0 2 .3 8
6469.21 1258 4.81 .69 4 .6 8 1 .0 4 4 .7 5 .81 .98
6475 .63 206 4 .6 6 1 .10 4 .6 2 1.26 4 .6 9 .96 1 .1 5
6481 .88 109 4 .6 4 1.18 4 . 4 5 2 .06 4 .7 4 .8 4 1.01
64 83 .95 3^ 5 .1 4 .0 5 5 .0 5 .2 0 4 .8 8 .52 .6 4
6494 .99 168 4 .3 6 2 .58 4 .2 5 2>.ko 4 .3 9 2 .38 2.81
6495 .78 1253 5 .0 5 .19 4 .7 9 .7 4 4 .7 4 .8 4 1.01
64 98 .95 13 4 .5 7 1 .45 4 .5 0 1 .7 5 4 . 8 4 . 60 . 7 “+
6501 .68 - 5 .09 .11 4 . 8 4 .63 5.39 -  .26 -  .20
6518 .38 342 4 .7 3 .91 4 .5 6 1 .47 4 .6 6 1.06 1 .26
6524 .76 1280 5 .7 7 1 • -r 5 . 3 “+ -  .23 5 .48 -  .37 -  .31
6533 .97 1197 5.o6 .17 4 .8 2 .67 5 .0 2 .2 5 .3 5
6541 .49 1195 5 .3 5 -  .24 4 .6 9 1 .00 5.61 -  .51 -  . “+7
6546 .25 268 4 . 5 4 1.57 4 .5 6 1 .50 4 .6 8 .99 1.18
6551 .68 13 4 .8 0 .72 4 .7 3 .91 5.32 -  .18 -  .10
6574 .24 13 4 .6 0 1.30 4 .6 6 1 .1 0 4 .8 8 .52 .6 4
6575 .02 206 4 .6 6 1.10 4 . 6 4 1.18 4 .5 3 1.59 1 .87
6581 .22 3^ 4 .7 4 .86 4 .6 8 1.03 4 .8 9 .50 . 62
6591 .32 1229 5.31 -  .19 5 .0 3 .23 - - -
6592 .92 268 4 . 5 4 1.58 4 .5 7 1.46 4.61 1.26 1 .4 7
6593*88 168 4 .5 8 1.41 4 .6 2 1.26 4.81 .67 .81
6597.61 1253 4 .9 8 .33 5.01 .27 5 .25 -  .09 -  .01
6608 .03 109 4 .8 5 .59 4 . 9 4 .39 5.30 -  .16 -  .08
6609 .12 206 4 .6 2 1.23 4 .6 3 1 .22 4 .7 8 .7 4 .89
TABLE A4 (co n t . )
F e  I  ( c o n t . )
6609.68 13 4 .78 .77 4.81 •69 5.20 - .02 .06
6613.83 13 4 .83 .64 4 .7 4 • 87 5.07 .18 .27
6622.41 1157 5.57 -  .52 5.11 .09 - - -
6625.08 13 4.61 1.29 4 .7 8 • 78 - - -
6627.56 1174 5.08 .14 4 .98 • 33 5.28 - .13 -  .05
6639.71 1195 4 .92 • 45 4 .73 .90 5.26 - .11 -  .03
6646.98 206 4.96 .37 4 .99 .29 5.23 - .06 .02
6648.08 13 4 .90 • 49 4 .77 .79 5.41 - .29 -  .23
6663.45 111 4 .5 5 1-53 4 .6 4 1.19 4 .8 4 .61 • 74
6665.42 3^ 5.18 -  .01 5.00 .29 5.35 - .22 - .14
6671.43 1255 5.3^ -  .23 5.07 .15 5.47 - .35 -  -30
6677.99 268 4.48 1.88 4 .49 1.84 4.61 11.26 1.47
6681.34 1155 5.4o - -31 5.15 .02 - - -
6703.57 268 4 .7 9 • 74 4 .80 .71 5.03 .24 • 3^
6705.12 1197 4 .97 • 34 4 .8 9 .52 5.09 .14 .24
6710.31 3^ 4 .76 .81 4 .7 5 • 83 5.26 - .11 - .03
6713.14 1013 4 .9 5 • 39 5 .o4 .22 5.47 - .36 -  .30
6715.41 1174 5.00 • 29 4 .83 .64 5.18 - .00 .08
6716.24 1225 5.03 • 23 4 .96 • 36 5.4o - .28 -  .22
6725.39 1052 5.17 .00 5.18 - .01 5.4o - .27 -  .21
6726.67 1197 5.00 .27 4 .9 7 .35 - - -
6732.06 1225 5.36 - .27 5.09 .11 5.44 - • 32 -  .26
6733.16 1195 5.04 .21 5.06 .18 5.19 - .01 • 07
6739.54 3*+ 4 .8 5 .61 4 .9 7 .35 5.30 - .16 -  .05
6746.96 205 5.28 -  .15 4 .9 8 .32 5.84 - • 77 -  .78
6750.15 111 4 .6 4 1.18 4 .69 1.02 4.76 • 78 • 94
6755.61 - 5.20 -  .04 4 .9 5 • 38 5.64 - .54 -  .50
6764.13 1225 5.33 -  .23 5.22 - .07 - - -
6769.66 1226 5.28 -  .16 5.13 .06 - - -
TABLE A4 ( c o n t . )
Fe  I  ( c o n t . )
6777AV 1010 5.24 -  .10 5.10 .10 - - -
6783.71 205 4 .87 .56 4 .95 .39 5.20 -  .02 .05
Fe  I I
5991.38 46 4 .6o 1.33 4 .8 5 .61 4 .87 .55 .67
6147.74 74 4.76 .82 4 .70 .99 4.81 . 66 .81
6149.24 74 5 .05 .19 4 .93 .42 4 .9 5 .38 .48
6238.38 74 5.00 .29 4 .78 .77 4 .86 .55 .68
6247.56 74 5 .0  5 .19 5.00 .29 4 .9 3 .43 .54
6369.45 4o 5.30 -  .18 4 .99 .30 4 .9 2 .4 4 . 56
6432.65 4o 5.13 .06 5.02 .25 4 .8 8 .53 .65
6456.38 74 5.09 .13 4 .7 7 .80 4 .8 4 .61 .75
6516.05 4o 4.81 .69 4.59 1.37 4 .66 1.08 1.28
Co I
5352.05 172 4 .96 .36 4 .8 4 .62
5469.31 56 4.88 . 5 2 4 .9 5 .38
5483.35 39 4 .4 4 2.09 4 .4 4 2.12 b
5530.78 38 4.66 1.12 4.62 1.25
5590.74 90 4 .69 1 .01 4 .67 1.07
5915.55 82 4 .78 .76 4 .79 .73 4 .9 0 .47 .59
5935.39 55 4 .83 .64 4 .7 7 .78 5 .25 -  .08 -  .00
5946.49 169 5.22 -  .06 5.21 -  .06 5.00 .29 .38
5991.89 90 4 .62 1.24 4 .80 .71 4 .98 .32 .43 b
6000.67 169 5.26 -  .12 5.01 . 26 5.16 .02 .11
6049.12 201 5.39 -  .29 5.01 .27 5.38 - .26 -  .19
6086.66 165 5.11 .09 4 .92 .44 5.16 .03 .11
6093.14 37 4 .72 .93 4 .7 7 .79 5.29 -  .1 4 -  .06 b
6116.99 37 4 .8 7 .56 5.01 .26 5.38 -  .25 -  .18
6189.01 37 4 .6 5 1.14 4 .8 2 .66 5.42 -  .29 -  .23
TABLE A4 ( c o n t . )
Co I ( c o n t . )
6205.50 - 5.15 .03 5.03 .24 5.44 -  .32 -  .26
6249.51 - 4.81 .69 4.88 .54 5.19 -  .01 . 06
6282.64 37 4 .62 1.23 4.66 1.12 4.68 1.00 1.19
6417.82 111 5.03 .23 5.06 .18 5.37 -  .24 - .17
6429.91 81 5.12 .08 4 .9 5 .38 5.26 -  .11 -  .03
6455.00 174 4 .98 •33 4.91 .47 5.16 .04 .12 b
6490.34 81 4 .9 5 .38 4.91 .47 5.11 .11 .21
6595.87 17^ 5.27 -  .1 ? 4 .92 .45 5.4o -  .27 -  .21
6617.13 202 5.25 -  .12 4 .8 5 .62 5.51 -  .40 -  .35
6632.44 111 4 .93 .42 4 .93 .41 5.34 -  .21 -  .13
6678.82 - 5.04 .22 4 .96 .36 5.28 -  .13 -  .05
6684.87 - 5.51 -  .4 ? 5.18 - .01 5.42 -  .30 -  .24
6771.04 54 4 .6 5 1.14 4 .73 .89 5.09 .14 .23
Ni I
5388.35 70 4 .83 .64 4 .86 .59
5578.73 47 4 .59 1.36 4 .5 7 1.45
5587.87 70 4.61 1.29 4 .52 1.69
5589.38 205 4 .87 . 56 4 .8 4 .62
5592.28 69 4.38 2.49 4 .49 1.81
5593.74 206 4 .87 .57 4 .6 9 1.02
5796.08 68 4 .97 .35 4.91 .47 5.18 -  .00 .08
5805.23 234 4 .9 2 .45 4 .78 .76 4.88 .51 .63
5831.62 233 4 .97 .34 4 .99 .30 5.32 -  .19 -  .11
5847.01 44 4 .72 .93 4 .69 1.01 4 .92 .44 .55
5892.88 68 4 .47 1.95 4.41 2.28 4 .57 1 A 3 1.66
5996.74 249 5.11 .08 4 .99 .30 - - -
6007.31 42 4 .68 1.05 4 .76 .82 4 .98 .33 A 3
6012.17 - 4 .7 9 .74 4 .92 .45 4 .99 .32 .42
TABLE A4 (cont.)
G8
N i I  ( c o n t . )
6025.73 251 5.27 -  -15 5.
6053*68 247 5.01 .26 4.
6086.29 249 v.90 .48 4.
6108.12 45 V.57 1.44 4.
6111.06 230 4.89 .51 4.
6116.18 218 4.74 .86 4.
6128.99 42 4.71 .94 4.
6130.17 248 5.10 .11 5.
6175.42 217 4.91 .46 4.
6186.7V 229 5.01 .27 4.
6191.19 45 4.41 2.31 4.
620V.6V 226 5.07 .16 4.
6223.99 228 4.86 • 00 4.
6259.62 216 5.19 -  .03 4.
631V.67 67 4.56 1.46 4.
6327.60 44 4.70 .99 4.
6370.38 127 5.10 .10 4.
6378.26 247 5.09 .12 4.
6V82.81 66 4.69 1.03 4.
6532.89 64 4.89 .52 4.
6586.33 64 4.72 .92 4.
6598.59 249 4.95 .38 5.
6635.15 264 5.15 .03 4.
66V3.6V ^3 4.53 1.61 4.
6690.80 140 5.4o -  .32 5.
6767.78 57 4.64 1.17 4.
6772.36 127 4.88 .54 4.
.15 5.20 -  .02
\r
\
O
•
.45 5.08 .16 .25
.58 5.03 .23 .33
1.41 4.75 .79 .96
. 66 5.01 .28 .38
.91 4.71 .92 1.11
.85 4.86 .57 .70
.29 5.10 .13 .22
.57 4.89 .50 .62
.47 5.06 .19 .29
2.44 4.37 2.52 2.94 b
.83 5.30 - .16 -  .08
.62 4.97 • 34 .44
.34 5.14 .07 .16
1.25 4.6o 1.28 1.50
1.08 4.85 • 00 .71
1.00 5.09 .14 .24
.79 5.01 .27 .37
1.62 - - -
1.10 5.14 .06 .15
.76 4.86 .56 .69 b
.15 5.46 -  .3^ -  .28 b
.46 5.33 -  .20 -  .12
1.35 4.78 .72 .88
.09 - - -
1.14 4.75 .80 .97
.52 4.96 .37 .47
07
92
86
58
82
73
75
00
86
91
39
84
84
97
62
6 7
69
77
53
66
78
07
91
59
11
65
89
TABLE A4 ( c o n t . )
Cu I
5782.13 2 4.44 2.12 4.
Zn I
6362.35 6 4.90 .48 4.
Sr I
5521.76 9 - 4.74 •
651+6.79 8 - 5.02 •
6550.24 12 5.36 - .26 4.
Y I
5527.54 12 4.94 .41 4.
5630.14 12 5.46 -  .38 4.
6218.00 - 5.32 - .21 4.
6435.02 2 5.10 .10 4.
6687.57 1 5.35 -  .25 4.
Y I I
5402.78 35 4.92 .45 4.
5509.91 19 4.72 .94 4.
5544.61 27 5.21 - .05 4.
5728.91 34 5.43 - .35 4.
Zr I
5735.70 4 5.15 .02 4.
5885.62 2 5.16 .01 4.
5955.37 3 5.43 “ .35 4.
6045.85 - 5.52 - .46 5.
6124.86 24 5.08 .14 4.
6127.49 2 4.84 .83 4.
6134.58 2 4.93 .42 4.
6l4o.50 24 5M -  .37 4.
2.30 4.44 2.05 2.43
1.35 ^.77 .76 .93
. 56 5.45 “ .33 - .27
1.23
.46
.49 5.35 - .22 - .14
1.00 5.19 - .00 .07
.47 5.39 - .27 - .20
.55
1.76
.67
.69
.54 5.07 .17 .27
.32 5.49 - .37 -  .32
.46 5.33 - .20 -  .12
.12 - - -
.80 5.o4 .23 • 32
.95 4.97 .34 .44-
.80 5.23 - .06 .01
.55 - - -
41
59
87
24
87
62
91
90
69
91
87
50
82
81
86
98
91
09
77
71
77
87
TABLE Alf (co n t.)
60
Zv I  (co n t.) 
6 i 43.23 2 4.96 .36 4.
6214.69 - 5.25 -  .11 4.
6313.05 65 5.32 -  .20 4.
6407.03 2 5.31 - .19 4.
6445.76 57 5.52 1 # -r vn 5.
6493.08 - 5.35 - .25 4.
6762.38 1 5.33 -  .22 4.
Zr I I
6028.64 136 5.30 -  .18 4.
6106.47 106 5.12 .08 4.
6 346.54 128 5.25 -  .11 4.
Nb I
5350.72 - 5.08 .15 4.
5664.70 - 5.11 .08 4.
Mo I
5533.01 4 4.61 1.30 4.
5570.46 4 4.98 .33 4.
5928.88 - 5.22 -  .06 5.
Ru I
5510.74 - 5.16 .01 4.
Ba I
5535.^8 2 4.59 1.36 4.
5777-62 9 5.53 -  .46 4.
5971.70 7 5.55 -  .49 5.
6019.47 7 5.17 .00 4.
6341.68 6 5.28 -  .16 4.
6595.33 6 5.67 -  .63 4.
1.15 5.04 .23 .33
.44 5.16 .03 .12 b
.84 5.26 -  .10 -  .02
.37 5.14 . 06 .15
.20 - - -
.39 4.79 .72 b
.53 5*56 - .46 - .41
.41 ... —,
.42 5.29 -  .14 -  .06 b
.81 5.29 -  .14 -  .06
.51
.76
2.14
.87
.24 5.32 -  .18 -  .10
.64
2.85
.33
.04 5.53 -  .42 -  .37
.58 5.30 -  .15 -  .07 b
.91 5.10 .13 .23
.52 5.44 - .32 -  .26
65
92
75
96
32
94
88
93
93
76
89
78
44
74
02
84
33
98
14
86
73
88
TABLE A4 ( c o n t . )
61
Ba I I
5853 .68 2 4 .6 2 1 .23 4 .3 2 2 .9 2 4 .3 8 2 .4 6 2 .8 8
5981 .25 13 5 .5 4 -  .49 5 .1 4 .0 4 5 .5 2 -  .41 -  .36
6 1 4 1 .7 2 2 4 .4 8 1 .8 9 4 .0 9 4 .1 2 4 .2 2 3 .8 8 3 .8 5
6378 .91 12 5 .1 8 -  .01 4 .8 6 .58 5 .5 3 -  .42 -  .37
6 4 9 6 .9 0 2 4.51 1 .7 0 4 .1 6 3 .8 7 4 .3 4 2.81 3 .2 0  b
La I  
6 3 2 5 .9 0 2 5 .5 7 -  .52 5 .3 5 -  .2 4
63 9 4 .2 3 7 5 .3 9 -  .29 5 .0 8 .1 5 5 .5 0 -  .39 -  .38
6 4 1 0 .9 8 7 5 .1 2 .0 7 4.91 .4 7 5 .4 2 -  .3 0 -  .2 4  b
La I I
5447 .59 112 5 .o 6 .18 4 .7 4 .8 7 b
5769 .06 70 5 .3 2 -  .21 4 .6 6 1 .12 5 .0 0 .2 9 .39
5805 .77 4 5 .0 5 .1 9 4 .6 7 1 .0 7 4 .9 2 .4 5 .56
5808.31 4 5.21
ir\
0.1 4 . 7 7 .7 9 5 .0 0 .2 9 .39
5848 .95 111 5 .4 6 -  .38 4 .9 4 .39 5 .4 6 -  .3 4 -  .28
5880 .63 35 5 .2 8 -  .1 5 4 .7 3 .89 4 .9 3 .42 .5 3  b
5936 .22 19 5.41 -  .32 4 .7 5 .83 5 - l+5 -  .33 -  .27
6 1 7 2 .7 2 4 5 .1 2 .0 7 4 .8 8 .5 4 5 .1 0 .13 .22  b
6 1 7 4 .1 5 47 5 .6 2 -  .58 5 .4 4 -  .3 5 - - -
62 6 2 .3 0 33 5 .0 9 .12 4 .5 0 1 .79 4 .8 8 .5 2 .6 5
62 9 6 .0 8 47 5 .2  5 -  .11 4 .7 2 .9 5 4 .9 4 .4o .51
63 2 0 .3 9 19 5 .1 0 .1 0 4 .6 3 1 .22 4 .8 5 .5 7 .71
63 9 0 .4 8 33 5 .2 5 -  .11 4 .6 5 1 .13 4 .9 9 .31 .41
6 3 9 9 .0 4 104 5 .4 2 -  .3 4 4 .9 6 .38 5 .4 5 -  .3 3 -  .2 7
65 2 6 .9 9 33 5 .0 5 .2 0 4 .4 3 2 .1 8 4 .8 5 .5 7 .7 0  b
6 6 4 2 .7 9 103 5 .3 0 -  .1 8 5 .1 0 .1 0 5 .5 2 -  .41 -  .36  b
6 7 7 4 .2 8 2 5 .2 5 -  .11 4 .7 4 .86 5 .1 0 .1 3 .22
TABLE A4 (c o n t .)
62
Ce I I
5610.26 26 5.24 - .10 4 .67 1.09
5668.90 23 4 .80 .72 4 .59 1.35 4.71 .91 1.10 b
603V.20 30 5.23 - .09 4 .85 .61 5.27 -  .11 -  .03
6043.39 30 5.46 - .38 4 .87 5.24 -  .07 .00
6167.88 - 5 .7  8 - .75 5.19 -  .03 5.53 -  .42 -  .37
6624.38 - 5.07 .15 4.78 .77 5.28 -  .13 -  .05  b
Pr I I
5352.4 - 4 .79 .74 4 .6 3 1.22 b
5823.72 - 5.14 .03 4 .78 .78 5.11 .11 .21
5939.91 - 5.12 .07 4 .7 9 .73 5.25 -  .08 -  .00
6165.95 39 5.08 .14 4 .7 7 .78 5.03 .24 .33 b
6398.OO - 5.34 - .23 4 .8 4 .63 5.48 -  .37 -  .31
Nd I I
5356.98 80 5.24 - .10 4 .8 7 .55
5442.27 76 5.20 - .04 4 .85 .60 b
5548.47 73 5-41 - .32 4 .83 .65
5603.65 4? 4 .98 .32 4 .70 .97
5620.62 86 4 .77 .80 4 .58 1.40 b
5744.77 - 5.43 - .35 4 .8 4 .63 4 .93 > 3 .54
5749.19 - 5.12 .07 4 .8 5 .60 4.98 .33 • *+3
5823.37 - 5.31 - .19 5.07 .16 - - -
6385.20 85 5.52 - .46 4 .8 7 .57 5.57 -  .47 -  .41
6670.39 - 5.70 - .66 5.21 -  .05 - - -
3m I I
5719.12 - 5.53 - .47 4 .8 7 .55 5.11 .11 .20
5779.25 - 5.56 - .51 5.42 -  .34 - - -
5867.79 - 4 .87 .55 4 .8 6 .58 4 .9 5 .39 .49
6030.20 - 5.29 - .17 5.02 .24 5.63 -  .53 -  .49
TABLE A4 (con t.)
G3
Sm I I  (cont .)
6044.99 - 5.60 - .56 4.
6060.70 - 5.17 .00 5.
6389.87 - 5.55 - .50 4.
6569.31 62 4.76 .81 4.
6570.70 - 5.20 - .03 4.
6628.88 - 5.63 - .59 5.
6694.69 - 5.36 - .27 5.
6731.84 59 5.29 - .17 5.
6746.41 - 5.17 .00 5.
6754.68 - 5.37 - .27 4.
Eu I I
6645.11 8 5.21 - .05 5.
Gd I I
5877.26 94 5.32 - .21 4.
Yb I
5556.48 1 5.31 - .23 5.
6489.10 3 5.53 - .47 5.
.38 5.59 " .49 -  .44
.07 5.33 -  .20 - .12
.64 5.38 -  .26 - .19
1.23 4.82 . 64 .78 b
1.03 5.14 .06 .15
.07
-  .16
.05
-  .11
5.51 -  .40 - .35
.73 5.32 -  .18 -  .10
.12 5 .4l -  .29 - .22
.53
.21
- .52
5.17 .03
96
12
83
63
68
12
28
14
25
79
09
88
04
57
64
TABLE A5
>> M ult.
ot Boo 
-logW /^
HD116713
-logW /^
S i  I
87>+2.60 44 5 .0 4 5 .1 4
7 4 0 5 .7 5 23 4 .91 4 .7 8
K I
769 8 .9 8 1 4 .3 0 4 .5 9
Ca I I
8 6 6 2 .1 4 2 3-39 3 .6 7
854 2 .0 9 2 3 .2 6 3 .5 4
8 4 9 8 .0 2 2 3 .6 3 3 .8 2
T i I
8 5 4 8 .0 7 150 4 .6 9 4 .8 4
8426.51 33 4 .3 3 4 .5 4
841 2 .3 6 33 4 .4 8 4 .7 6
8396.91 33 4 .4 6 4 .8 0
8 3 6 4 .2 4 33 4 .4 3 4 .8 0
7 9 7 8 .8 4 151 4 .7 6 4 .5 7
7069.11
308
307 4 .5 3 4 .7 5
Cr I
8 5 5 5 .5 4 56 5 .0 4 4 .7 5
740 0 .2 3 93 4 .6 7 4 .8 8
Fe I
8 7 5 7 .1 9 339 4 .61 4 .7 7
8 6 9 9 .4 3 1267 4 .8 4 4 .9 5
TABLE A? ( c o n t . )
F e I  ( c o n t . )
8 6 8 8 .6 3 60 4 .1 9 4 .4 5
8621.61 401 4 .7 8 4 .9 5
8611.81 339 4 .6 4 4 .71
8 5 9 8 .7 9 1153 5 .0 0 5.31
8 5 9 2 .9 7 1267 5 .1 6 5 .0 9
8 5 8 2 .2 7 401 4 .6 7 4 .8 4
8 5 2 6 .6 8 1270 5 .0 2 4 .9 7
8 5 1 5 .0 8 401 4 .6 3 4 .71
8 5 1 4 .0 8 60 4 .4 o 4 .6 4
8 4 2 2 .9 5 999 4 .9 7 5 .1 7
8 4 0 1 .4 2 108 4 .6 5 4 .8 3
8 3 8 7 .7 8 60 4 .1 7 4 .5 6
8 3 6 5 .6 4 623 4 .8 6 4 .6 9
8 0 9 6 .8 7 999 4 .8 7 4 .8 2
8 0 8 5 .1 7 1136 4 .7 0 4 .6 6
8 0 8 0 .5 8 623 4 .7 2 4 .6 8
8 0 7 5 .1 5 12 4 .61 4 .8 2
8 0 4 7 .6 2 12 4 .5 8 4 .7 7
8 0 4 6 .0 5 1136 4 .5 9 4 .8 0
8 0 2 8 .3 2 1154 4 .5 5 4 .7 2
7 9 4 1 .1 0 623 4 .5 8 4 .8 5
7 9 3 7 .1 5 1136 4 .6 4 4 .5 8
7832.21 1154 4 .6 4 4 .7 5
780 7 .9 2 1303 5 .0 7 4 .81
778 0 .5 7 1154 4 .81 4 .91
775 1 .1 2 1304 5 .0 3 5 .0 4
774 2 .7 2 1306 5 .1 0 4 .7 8
7723.21 108 4 .6 9 4 .9 8
771 0 .3 7 1055 4 .6 9 4 .9 2
TABLE A5 ( c o n t . )
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F e I  ( c o n t . )  
7 5 8 6 .0 4  1137 4.61 4 .71
7 5 8 3 .8 0 *602 4 .5 9 4 .6 6
7 5 6 8 .9 3 1077 4 .8 5 4 .7 2
7 5 3 1 .1 7 113 7 4 .7 3 4 .9 0
7 5 1 1 .0 5 1077 4 .4 6 4 .51
7 5 0 7 .3 0 1137 4 .8 2 4 .9 3
7 4 1 8 .6 7 1001 5 .0 0 5 .0 0
74 1 1 .1 8 10 77 4 .6 3 4 .7 4
7 3 8 9 .4 3 1077 4 .4 5 4 .6 3
7 1 3 0 .9 4 1051 4 .4 5 4 .51
710 7 .4 6 1005 4 .8 4 4 .6 3
7 0 9 0 .4 0 1051 4 .6 7 4 .9 6
Ni I
8501.81 186 4 .91 4 .9 6
7 7 9 7 .5 9 201 4 .9 0 4 .9 2
778 8 .9 3 62 4 .5 7 4 .61
772 7 .6 6 156 4 .7 7 4 .91
7714.31 62 4 .3 8 4 .4 7
7 5 7 4 .0 8 156 4 .6 8 4 .8 0
7 5 5 5 .6 0 187 4 .6 8 4 .7 5
7 5 2 5 .1 4 139 4 .6 8 4 .8 2
752 2 .7 8 126 4 .6 4 4 .7 6
7 4 2 2 .3 0 139 4 .5 8 4 .6 7
7414.51 62 4 .51 4 .5 6
740 9 .3 6 139 4 .5 8 4 .6 2
739 3 .6 3 109 4 .7 2 4 .9 9
7 1 2 2 .2 4 126 4 .5 5 4 .5 8
TABLE A5 ( c o n t . )
Rb I
7 9 4 7 .6 0 1
7 8 0 0 .2 3 1
Zr I
8 4 1 4 .0 0 J+o
8370.21 bO
7 1 0 2 .9 5 b2
La I I
706 6 .2 3 1
Sm I I
8 0 3 2 .0 3 61
Eu I I
7 0 7 7 .1 0 8
5 .4 4 4 .9 5
5 .3 ^ 4 .7 8
5.31 4 .8 8
5 .3 0 4 .8 0
5 .0 3 4.71
4 .5 2 4 .5 7
5.91 4 .6 7
5 .4 5 4 .6 6
